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Preface 


Although there are a limited number of reference books on aluminum metallurgy, 
there is a significant and continuing need for a text that also addresses the physical 
metallurgy of aluminum and its alloys and the processing of those alloys that will be 
of long-term value to metallurgical engineers and designers. In addition, a number of 
vitally important technologies are often covered in a cursory manner or not at all, 
such as quenching, property prediction, residual stresses (sources and measurement), 
heat treating, superplastic forming, chemical milling, and surface engineering. 

We have enlisted the top researchers in the world to write in their areas of spe- 
cialty and discuss critically important subjects pertaining to aluminum physical 
metallurgy and thermal processing of aluminum alloys. The result is an outstanding 
and unique text that will be an invaluable reference in the field of aluminum physical 
metallurgy and processing. 

This is the first of two volumes on aluminum metallurgy and some of the topics 
include: 

• Pure aluminum and its properties. 

• An extensive discussion of the physical metallurgy of aluminum, including 
effect of alloying elements, recrystallization and grain growth, hardening, 
annealing, and aging. 

• Sources and measurement of residual stress and distortion. 

• An overview of aluminum rolling, including hot rolling, cold rolling, foil 
production, basic rolling mechanisms, and control of thickness and shape. 

• A detailed discussion of extrusion design. 

• A thorough overview of aluminum welding metallurgy and practice. 
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• Casting, including design, modeling, foundry practices, and a subject often 
not covered in aluminum metallurgy books — casting in a microgravity 
environment. 

• Molten metal processing and the use of the Stepanov continuous casting 
method. 

• Forging design and foundry practice. 

• Sheet forming. 

• An overview of equipment requirements and a detailed discussion of heat 
treating practices. 

• An in-depth discussion of aluminum quenching. 

• An overview of machining metallurgy and practices, including material 
property dependence, machining performance process parameters, and 
design. 

• An extensive, detailed, and well-referenced overview of superplastic 
forming. 

• A thorough discussion of aluminum chemical milling, including pre-mask 
cleaning, maskant applications, and scribing, etching, and demasking. 

• Powder metallurgy including: applications, powder production, part pro- 
duction technologies, and other processes. 

The preparation of this book was a tremendous task and we are deeply 
indebted to all our contributors. We would like to express special thanks to Alice 
Totten and Patricia MacKenzie for their assistance and patience throughout the pro- 
cess of putting this book together. We would also like to acknowledge The Boeing 
Corporation and FLoughton International for their continued support. 

George E. Totten 
D. Scott MacKenzie 
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Introduction to Aluminum 


ALEXEY SVERDLIN 

Bradley University, Peoria, Illinois, U.S.A. 


1 INTRODUCTION AND GENERAL OVERVIEW 

Aluminum is the most heavily consumed non-ferrous metal in the world, with cur- 
rent annual consumption at 24 million tons. About 75% of this total volume, or 
18 million tons, is “primary aluminum” (that is, aluminum extracted from ore, 
as opposed to secondary aluminum which is derived from scrap metal processing). 

The ancient Greeks and Romans used alum in medicine as an astringent, and in 
dyeing processes. In 1761 de Morveau proposed the name “alumine” for the base in 
alum. In 1807, Davy proposed the name aluminium for the metal, undiscovered 
at that time, and later agreed to change it to aluminum. Shortly thereafter, the name 
aluminium was adopted by IUPAC to confirm with the “ium” ending of most 
elements. Aluminium is the IUPAC spelling and therefore the international 
standard. Aluminium was also the accepted spelling in the United States until 1925, 
at which time the American Chemical Society decided to revert back to aluminum, 
and to this day Americans still refer to aluminium as “aluminum”. 

While the opportunities are growing, aluminum must continue to compete with 
various materials that offer lower cost or other competitive advantages. Aluminum 
companies must continue to innovate to provide customers with better enabling 
technologies and superior materials with unique properties. Aluminum manufac- 
turers must explore new process technologies to drive down production costs 
and make aluminum more competitive. Over the next two decades, investment 
in research and technology development may likely be the most important factor 
in product competitiveness. 

The process of primary aluminum production can be divided into three inde- 
pendent stages which are, as a rule, carried out at different plants. These are: 
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• The actual mining of the necessary raw materials (bauxite and a variety of 
other ores); 

• The processing of the ore and preparation of aluminum oxide (alumina); 

• Production of primary aluminum from alumina. 

World production of primary aluminum totaled 18.056 million metric tons in 
1991 [1], In 1983, more than 70% of the world’s bauxite was produced in Australia, 
Guinea, Jamaica, Brazil, and the former Soviet Union. Bauxite reserves in the 
United States are less than 1% of the world total (Table 1). 

Over the decade, 1983-1993, world production increased 20.3%, and annual 
growth rate of more than 2.0%. The United States accounted for 22.8% of the 
world’s 1993 production while the European Community accounted for 12.5%. 
The Republics of the former Soviet Union accounted for 21.0%. The others 43.6% 
include Asia (11.6%), Canada (10.1%), South America (9.9%), Oceania (8.5%), 
and Africa (3.4%). The total U.S. supply in 1991 was 8,020 thousand metric tons, 
with primary production representing about 5 1 .3% of total supply, imports account- 
ing for 17.4%, and secondary recovery representing 31.2%. 

World primary aluminum production from 1981 through 1991 is shown in Fig. 
1. In 1995, U.S. primary aluminum smelters produced 3.375 million metric tons of 
aluminum, 17.3% of the total world production of 19.442 million metric tons (Fig. 
2). Production of primary aluminum in 1996 in the United States was reported 
to be 3.577 million metric tons, an increase of about 6% over 1995. Recycling is 
a critical component of the aluminum industry; in 1995, secondary refiners recovered 
3.188 million metric tons of recycled aluminum, representing a little more than 
one-third of the total U.S. aluminum supply of 9.265 million metric tons [2]. 

The world aluminum industry is composed of six large integrated firms, their 
subsidiaries, or affiliates Alcan Aluminum Ltd, Aluminum Company of America 
(Alcoa), Reynolds Metals Company, Kaiser Aluminum and Chemical Corporation, 
Pechiney, and Swiss Aluminum Limited (Alusuisse) and about 50 smaller publicly 



Figure 1 World primary aluminum production from 1981 through 1991: 1. North America 
(a - United States; b - Canada); 2. South America; 3. Europe; 4. Africa; 5. Asia; 6. Oceania; 
7. World Total. 
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Figure 2 World primary aluminum production. 
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Figure 3 U.S. primary aluminum production. 


owned companies, and governments of centrally planned and market economy 
countries that control about 40%, 25%, 35% and of world aluminum production 
capacity, respectively [3]. U.S. primary aluminum metal production from 1893 
through 1990 is presented in Fig. 3 [4] and U.S. imports for consumption in April 
and 1999 year-to-date shown in Table 2 and Fig. 4. [5]. 

Although the United States continues to be the leading producer of primary 
aluminum metal in the world, its dominance in the industry has begun to wane. 
In 1960, the United States accounted for slightly more than 40% of the world’s 
production. In 1990, the U.S. share of world production had decreased to 23%. Most 
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WORLD 

TOTAL 




a) 


WORLD 

TOTAL 



b) 

Figure 4 U.S. imports for consumption of aluminum: April 1999 and Year-to-Date 
cross-section dimension not greater than 9.5 mm in coils, (a) Quantity, in Kilograms; (b) 
Customs Value, in Thousands of Dollars. 

of the restructuring of the world aluminum industry began in the late 1970s and 
continues to this day. Australia and Canada have emerged as major metal producers. 
Other countries entering the world market today are Brazil, China, Norway, 
Venezuela, and several countries in the Persian Gulf area [2], 

Another factor that should be considered in analyzing the domestic aluminum 
industry is the growing importance of secondary aluminum to the domestic supply 
situation. Secondary aluminum is defined as aluminum recovered from both new 
and old purchased scrap. New scrap generated by fabrication of aluminum products 
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Table 2 U.S. Imports for Consumption of Aluminum: April 1999 and 1999 Year-to-Date 
(Customs Value, in Thousands of Dollars) (Units of Quantity: Kilograms) 


Country 

April 1999 

1999 YTD 

Quantity 

Value 

Quantity 

Value 

WORLD TOTAL 

200,237,195 

249,906 

528,455,522 

699,432 

Australia 

9,035,342 

10,793 

20,175,358 

32,574 

Austria 

- 

- 

2,489 

5 

Bahrain 

239,104 

312 

239,104 

312 

Brazil 

619,451 

748 

3,231,529 

4,353 

Canada 

57,287,283 

73,741 

200,313,608 

267,738 

China 

- 

- 

8,219,905 

10,966 

Germany 

238,594 

310 

274,266 

1,091 

France 

7,190 

44 

39,391 

736 

India 

1,517,506 

1,839 

1,792,797 

2,342 

Ireland 

- 

- 

3,074 

6 

Japan 

- 

- 

730 

19 

Mexico 

2,813 

4 

3,630 

6 

Netherlands 

20,504 

28 

21,978 

31 

New Zealand 

12,712,597 

15,572 

20,158,130 

26,158 

Norway 

- 

- 

18,5222 

123 

Russia 

101,602,508 

124,494 

225,620,083 

292,072 

South Africa 

- 

- 

7,278,263 

9,080 

Tajikistan 

2,252,476 

3,379 

15,124,748 

18,040 

Turkey 

21,000 

21 

21,000 

21 

United Arab Emirates 

222,333 

289 

421,234 

564 

United Kingdom 

- 

- 

85 

6 

Venezuela 

14,458,494 

18,332 

25,495,598 

33,191 


may be either home scrap (sometimes called runaround scrap) or prompt industrial 
scrap. Home scrap is recycled within the company generating the scrap and conse- 
quently seldom enters the commercial secondary market. Prompt industrial scrap, 
however, is new scrap from a fabricator who does not choose to, or is not equipped 
to, recycle the scrap. This scrap then enters the secondary market. Old scrap is 
a product of obsolescence and becomes available to the secondary industry when 
consumer products have reached the end of their economic life and have been dis- 
carded. In 1960, 397,000 metric tons of aluminum was recovered from new and 
old scrap. In 1990, almost 2.4 million metric tons of aluminum was recovered from 
purchased scrap. More than half of this secondary aluminum was recovered from 
postconsumer, or old, scrap [1], 

By 2000, total U.S. aluminum demand, including primary metal, old scrap, and 
nonmetal uses, is expected to reach about 9.3 million metric tons, equivalent to an 
annual rate of growth of 3.2% from the 1983 level. The forecast range of domestic 
aluminum demand in 2000 is 6.4-13 million tons. Rest-of-the-world aluminum 
demand in 2000 is expected to range from 29 to 56 million tons. 

The annual production of primary metal in the United States is expected to 
decline to about 4 million tons per year by 2000, and the remainder of the U.S. 
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metal supply is expected to be obtained from other countries and the recycling of old 
scrap. 

2 THE MAIN TYPES OF ALUMINUM ORES 

In nature, aluminum does not exist as a metal because of the high chemical affinity 
for oxygen. Aluminum compounds, primarily the oxide in forms of various purity 
and hydration, are widely distributed in nature. In these forms, aluminum is the 
second most plentiful metallic element on Earth silicon — 27.5%. It has been esti- 
mated that 8 % of the Earth’s crust is composed of aluminum. The elements are iron 
(approximately 5.0%), magnesium ( approximately 2.0%), zinc and tin (0.004% each) 
[5-7], follow aluminum in content in the Earth’s crust. 

Although aluminum is one of the most abundant materials in the Earth’s crust 
(invariably as alumina or in some other combined oxide form) any usable ore deposit 
must be readily amenable to benefice, so that a pure aluminum oxide can be 
obtained. However, physical benefice of the oxides has not been very successful. 
Consequently chemical processing has always been necessary to extract pure 
alumina from the other ingredients associated with it in the deposit. This, therefore, 
restricts the practical range of materials. Any chemical benefice must be based 
on selective removal of either the aluminum oxide or the other ingredients. However, 
frequently the other oxides are chemically similar, and this problem is compounded 
by the amphoteric behavior of aluminum which makes it extremely difficult to 
selectively remove the impurities (or “gangue”). Therefore benefice processes are 
usually based on selective dissolution of aluminum oxide. Kinetically, dissolution 
in strong caustic is favored. Therefore, mineralogical deposits which contain silica 
in structural forms that will readily dissolve in concentrated caustics, are unsatis- 
factory [ 8 ], 

Bauxites contain hydrated forms of aluminum oxide, and are thus the most 
economically amenable mineralogical sources for chemical benefice to produce 
alumina. They occur in several different structural forms, depending on the number 
of molecules of water of hydration and also the crystalline form. The name 
“Bauxite” is derived from the village Les Baux in the south of France, where 
the mineral was first commercially exploited [ 8 ]. 

Historically, the commercial production of primary aluminum has been based 
almost entirely on the use of bauxite, in which aluminum occurs largely a hydrates 
of alumina. However, deposits containing aluminum in the other mineral forms 
are widespread and virtually inexhaustible. The average aluminum content of 
the Earth’s crust has been estimated at 15.7% on an AEO 3 basis, and deposits con- 
taining more than 13% aluminum (25.0% AEO 3 ) are common [3]. 

Information on bauxite reserves and resources ranges from reports based on 
thorough exploration for some deposits to reports giving only a total quantity esti- 
mate based on unspecified field work for other deposits. The reserve and 
reserve-based estimates in Table 3 are the result of evaluating data and information 
obtained from many sources. Salient bauxite statistics from 1945 through 2000 pre- 
sented in Fig. 5. 

Major deposits of bauxite are located in countries remote from the main alumi- 
num producing and consuming centers in North America and Europe. Most of the 
high grade bauxite deposits suitable for extraction of alumina occur in tropical 
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Table 3 World Bauxite Resources, January 1985 [3] (Million Metric Tons of Bauxite) 


Region 

Reserves 

Reserve base* 

North America and Caribbean Islands 

United States 

38 

40 

Dominican Republic 

30 

45 

Haiti 

10 

15 

Jamaica 

2,000 

2,000 

South America 

Brazil 

2,250 

2,300 

Guyana 

700 

900 

Suriname 

575 

600 

Venezuela 

235 

240 

Europe 

France 

30 

40 

Germany 

2 

2 

Greece 

600 

650 

Hungary 

300 

300 

Italy 

5 

5 

Romania 

50 

50 

Spain 

5 

5 

Former Soviet Union 

300 

300 

Yugoslavia 

350 

400 

Africa 

Cameroon 

680 

800 

Ghana 

450 

560 

Guinea 

5,600 

5,900 

Mozambique 

2 

2 

Sierra Leone 

140 

160 

Zimbabwe 

2 

2 

Asia 

China 

150 

150 

India 

1,000 

1,200 

Indonesia 

750 

805 

Malaysia 

15 

15 

Pakistan 

20 

20 

Turkey 

25 

30 

Oceania 

Australia 

4,440 

4,600 

Other 

200 

200 

Total 

21,000 

23,000 


*The reserve base includes demonstrated resources that are currently economic (reserves), marginally eco- 
nomic (marginal reserves), and some of those that are currently sub-economic (sub-economic resources) 
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Figure 5 Salient bauxite statistics. 


or semitropical regions. In all these deposits, the hydrated aluminum oxide is 
invariably associated with small amounts of compound of iron, silicon and titanium 
and trace amounts of other elements. Most of the tropical deposits are of a 
blanket-type which can be over 7 m thick and mined by open-cast methods. 
Inter-layered deposits and small pocket deposits are also found. Some of them 
are also amenable to open-cut mining. In physical appearance, the various bauxite 
deposits can differ considerably. This is due to prior weathering, basic variations 
In the crystalline form of the hydrated aluminum oxide, and variations in the nature 
of impurities associated with it [8], 

Bauxite is found within 30 million-year-old weathered rock, which has broken 
down to leave a high proportion of aluminum bearing minerals. A combination 
of rainfall and organic acids caused the weathering of the dolomite and granite rocks 
until most of the elements are dissolved, leaving a reddish soil known as laterite 
which is rich in aluminum oxides and iron. The developed bauxite deposits are com- 
mon throughout the world. Pure alumina (AI2O3) can be reduced comparatively 
cheaper and easier from bauxite. From alumina, the metallic aluminum can be 
received by electrolysis [8-12]. However, the comparative limitation of bauxite 
deposits and complex mining operations at many bauxite deposits have resulted 
the necessity of development of other types of raw materials to extract aluminum 
profitably. 

The major deposits in central Arkansas were formed by weathering, during 
Eocene time, or nepheline syenite intrusive of Late Cretaceous age. The predominant 
aluminum oxide mineral in the bauxite is the trihydrate form, gibbsite. Some 
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deposits are residual on the igneous rock and clay, while others are the result of 
transportation and accumulation of eroded deposits. The composition of the ore 
mined in Arkansas varies widely within a range of 40% to 52% AI2O3, 7% to 
17% Si0 2 , and 6% to 12% Fe 2 0 3 . 

The bauxite deposits in the coastal plain of Alabama and Georgia are found as 
lenses within flat-laying beds of kaoinitic clay, which are overlain by sand and clays 
of early Tertiary age. The grade of the bauxite is 48% to 56% A1 2 0 3 , 12% to 
16% SiO 2 , and less than 2.5% Fe 2 0 3 . The low iron oxide content qualifies this 
ore for use in refractories and chemicals [3], 

In Jamaica, the bauxite deposits fill sinkholes, channels, and blanket uneven 
depressions in the karst surface of limestone of middle Tertiary age. Jamaican baux- 
ite is largely gibbsitic, although mixture containing up to 20% monohydrate alumina 
occur. Ore grade is 45% to 49% A1 2 0 3 , 0.8% to 8% Si0 2 , 17% to 22% Fe 2 0 3 , and 
2.5% TiO?. The bauxite deposits in the Dominican Republic and Haiti are similar 
in grade, age and genesis, and are identified as “Jamaican type” bauxites. 

Bauxite deposits in Suriname and Guyana are scattered throughout a narrow 
belt extending along the contact between the Precambrian crystalline rocks of 
the Guyana Shield and the sedimentary beds of Tertiary or later age that form 
the coastal plain. The alumina mineral is gibbsite and the ore is high grade: typically 
55% to 60% A1 2 0 3 , 2% to 5% Si0 2 , and less than 3% Fe 2 0 3 . 

In the large deposits discovered in northern Brazil since 1967, the bauxite 
occurs as a residual capping on dissected plateaus several hundred feet above 
the Amazon or other nearby rivers. The ore has developed on unconsolidated 
Tertiary sediments and is convert by 12-30 of kaolinitic clay. The approximate grade 
after washing is 55% A1 2 0 3 , 3.5% Si0 2 , and 11% Fe 2 0 3 . 

The Weipa bauxite deposit in Queensland, Australia, occurs in the upper 
portion of a flat-laying laterite that extends for more than a hundred miles along 
the West Coast of the Cape York Peninsula. The bauxite ranges in thickness from 
a few feet to 30 ft and is covered by a soil overburden 1-3 ft thick. The deposits 
are associated with Tertiary kaolinitic sands, from which they were probably 
derived. The grade of the beneficiated bauxite is 53% to 58% A1 2 0 3 , 4% to 7% Si0 2 , 
and 12% Fe 2 0 3 . 

In Guinea, the large Sangaredi bauxite deposits occurs as laterite caps on 
inland plateaus at elevations of 900 ft or more above sea level. Most of the bauxite 
is believed to have formed through weathering of schists and sand-stones of 
Devonian or Post-Devonia Age. Typical ore contains 57% to 60% A1 2 0 3 , less than 
1% SiO?, and 2% to 4% Fe 2 0 3 . 

Many of the European bauxite deposits are associated with pockets and 
depressions in the karst weathering surface of Mexozoic limestone beds that have 
been buried, folded, and faulted subsequent to the development of the bauxite. 
European bauxites are composed predominantly of monohydrate alumina minerals, 
although some gibbsitic deposits are mined in Hungary and a few other countries [3]. 

Bauxites represent mountain rocks, the main component of which is aluminum 
oxide. Bauxite contains a large number of impurities such as silica, iron and titanium 
oxides, and various other elements mostly in minor or trace amounts [13]. The 
amount of free aluminum oxide can vary. Typical economic bauxite ores contain 
greater than 45% alumina, less than 12% iron oxides and less than 8% of combined 
silica. The bulk density of most bauxites is between 1.3 and 1.9 g/cm 3 . The general 
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Table 4 Minerals Commonly Found in Bauxites 


Minerals 

Chemical composition 

Gibbsite (hydragillite) 

a-Al 2 0 3 .3H 2 0 

Baehmite 

q'-A 1 2 03 .H 2 0 

Diaspore 

/ S-A1 2 03-H 2 0 

Hematite 

O'-FCtOi 

Goethite 

ff-FeOOH 

Magnetite 

Fe 3 04 

Siderite 

FeCOi 

Ilmenite 

FeTiOi 

Anatase 

Ti0 2 

Rutile 

Ti0 2 

Brookite 

Al 2 0 3 .2Si0 2 .3H 2 0 

Kaolinite 

Al 2 0 3 .2Si0 2 .2H 2 0 

Quartz 

Si0 2 


classification of bauxite rocks based on their chemical structure can be represented in 
Table 4 [14-16], 

In various types of ores, free aluminum oxide is presented as a trihydrate 
(A1 2 03-3H 2 0) which is crystallized in monoclinic crystallographic system or a 
monohydrate (A1 2 03-3H 2 0) which is crystallized in orthorhombic crystallographic 
system. 

Silicon dioxide is the main harmful impurity in bauxites. It is present at the 
form of free silica or as a compound with other elements. In addition, bauxites have 
the iron in the various forms. Besides the main chemical elements, bauxites contain 
Ti, S, Li, Cu, Ag, Au, Be, Zn, Sr, Cd, Ba, Sc, rare-earth elements such as B, 
Ga, Ge, Zr, Sn, Hf, Pb, P, V, Nb, Bi, Cr, Mo, Mn, Co, Ni, and U. 

Free moisture in crude bauxite may range from 5% to 30% [5], In dried bauxite, 
most of the free moisture has been removed by heating crude bauxite in rotary drying 
kilns at about 600°F. Calcined bauxite is heated in the kilns to 1700-1900°F to 
reduce 1 ton of calcined bauxite. 

Cell-grade alumina specifications and typical specifications for grades of baux- 
ite are presented in Table 5 and 6. 

The nepheline rocks are the second most important type of aluminum raw 
material after bauxites. These rocks contain Na[AlSi0 4 ] mineral. The theoretical 
composition of nepheline is 35.7% AFO3; 42.4% Si0 2 ; 21.9% Na 2 0. There are many 
different types of the nepheline rocks. They are rich with potassium only or with 
sodium and potassium. Nephelines crystallize in the hexagonal close-packed lattice 
of the pyramidal class. Normally they can be found as granular and solid mountain 
mass (massif). As crystals nepheline is seldom found. Usually nepheline has light 
coloring or it is colorless. Nepheline is rather easily dissolved in mineral acids with 
Si0 2 forming a gel [17]. 

In spite of that, aluminum in nepheline also contains silicon, the significant 
contents of alkalis in the composition of this mineral enables the opportunity to 
reduce from them an aluminum oxide and produce the by-products of sodium 
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Table 5 Cell-Grade Alumina Specifications, in Weight-Percent 


Impurity 

Maximum content 

Impurity 

Maximum content 

SiO, 

0.015 

b 2 o 3 

0.001 

Fe 2 0 3 

0.015 

Ti0 2 

0.002 

MnO 

0.002 

p 2 o 5 

0.001 

NiO 

0.005 

MgO 

0.002 

Cr 2 0 3 

0.002 

CaO 

0.040 

CuO 

0.010 

Na 2 0 

0.400 

V2O5 

0.002 

k 2 o 

0.005 

ZnO 

0.010 

Chloride, residual 

0.050 

Ga 2 0 3 

0.020 

- 

- 


Table 6 Typical Specifications for Grades of Bauxite (Weight-percent, Maximum Content 
Unless Otherwise Specified) 


Constituent 

Metal grade 
(dried Jamaican type) 

Refractory grade 
(calcined) 

Abrasive grade 
(calcined) 

Ai 2 o 3 

47.0* 

86.5* 

83.0* 

SiO 

3.0 

7.0 

6.0 

Fe 2 0 3 

22.0 

2.5 

8.0 

Ti0 2 

3.0 

3.75 

3.0-4.5** 

K 2 0 + Na 2 0 

NS 

0.2 

0.7 

MgO + CaO 

NS 

0.3 

NS 

CaO 

NS 

NS 

0.2 

MgO 

NS 

NS 

0.4 

Mn 0 2 +Cr 2 0 3 +V 2 05 

2.0 

1.0 

1.0 

p 2 o 5 

1.5 

NS 

0.5 

Loss on ignition 

NS 

0.5 

1.0 


* Minimum 
** Range 

NS No specification 


carbonate and cement. Usually the nepheline rocks can be found as the mountain 
masses in combination with alkaline rocks. 

Alunite is KA1 3 [S0 4 ] 2 [0H]6 belongs to the group of the alkaline double sulfate 
of aluminum. It is also the important raw material for aluminum production. The 
chemical composition of this ore can vary significantly. Theoretical composition 
of alunite is 37.0 wt% A1 2 0 3 ; 11.4 wt% K 2 0; 38.6 wt% S0 3 ; 13.0 wt% H 2 0. In 
addition to the compounds above, Si0 2 , CaO and Fe 2 0 3 can be present. 

Alunite crystallizes in the tetragonal system. Usually it consists of small 
crystals with grayish, yellowish or reddish color. Due to the potassium and sulfur 
contents, potassium fertilizers and sulfuric acid can be extracted. 

Disthene (kyanite) is a high quality raw material for electrothermal reduction 
of aluminum. The minerals of this group represent polymorphic modifications of 
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Table 7 Comparison of Bauxites [8] 


Bauxite type 

Gibbsite 

(Hydragillite) 

Bahmite 

Diaspore 

Composition 

A1 2 0 3 .3H 2 0 

A1 2 0 3 .3H 2 0 

A1 2 0 3 .3H 2 0 

Maximum alumina content, wt % 

65.4 

85 

85 

Crystal system 

Monoclinic 

Orthorhombic 

Orthorhombic 

Density, g/cm 3 

2.42 

3.01 

3.44 

Temp, for rapid dehydration (°C) 

150 

350 

450 

Solubility of AI2O3 (g/1) in 100 g/1 
Na 2 0 aqueous solution at 125°C 

105 

45 

Virtually 

insoluble 


the substance with the chemical formula of A10A1 [Si04]. Theoretical chemical com- 
position is 63.2% AI2O3 and 36.8% Si0 2 . 

Disthene crystallizes in the triclinic lattice. Most frequently disthene crystals 
have light-blue, grayish-blue, least often yellow or brown color and glassy glance. 
Anisotropy of hardness and coloring were noticed on disthene crystals. So on a plane 
(100) in a direction <100> hardness is equal 4.5 and along a direction (010) is 7.0. 
Coloring along the base plane is olive-green, and through lateral planes is 
redish-brown. 

Table 7 [8] summarizes the basic differences of the three fundamental forms of 
bauxite which occur, namely gibbsite, bahmite and diaspore. It is seen that the latter 
two are in the monohydrate form, whereas the former is a trihydrate. The two 
monohydrate forms give rise to different structural forms of alumina on rapid 
dehydration, while they also exhibit different solubilities in caustic soda. Gibbsite 
dissolves much more readily. In caustic soda (having a higher solubility as well 
as dissolving faster), but it has a lower intrinsic alumina content. The conditions 
for the dissolution of the alumina hydrate will vary for the different structural forms, 
and also depend on caustic soda concentration and temperature. 

Many of the deposits currently being mined have a dominance of gibbsite 
(trihydrate), but they often have a significant proportion of a monohydrate 
crystalline form also. Therefore, the chemical processing must be a compromise 
between the optimum conditions for each of the two types. This is particularly 
so for the extensive bauxites occurring in the northern area of Australia — which 
is the main supplier for the present world market. 

As already mentioned, the main impurities are compounds of iron, silicon and 
titanium. The iron compounds occur chiefly in the form of haematite (Fe 2 0 3 ), 
siderite (FeC0 3 ) and goethite (FeO OH nFFO). The silicon compounds occurs in 
the various structural forms of quartz as well as hydrated double salts with alumina 
such as kaolinite and halloycite (AFCb^SiCFGFFO). Generally titanium occurs 
in, the form of rutile (Ti0 2 ), but it can also be present in small amounts as ilmenite 
or anatase. The compounds of iron and titanium are insoluble in caustic solutions 
and therefore present no problem for the selective dissolution of the aluminum oxide. 
The silicon occurring as quartz does not present a serious problem either, since it has 
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Table 8 Typical Compositions from Different Bauxite Deposits (in Weight %) [8] 


Oxides* 

African Gold 
Coast 

British 

Guyana 

Darling Ranges 
(Western Australia) 

Greece 

Weipa 

(Australia) 

ai 2 o 3 

55.2 

61.1 

30-35 available 

60.2 

57.0 

SiO, 

2.0 

5.0 

1-2 reactive SiO, 
18-22 quartz 

3.1 

5.0 

Fe 2 0 3 

11.5 

1.5 

20.0 

21.7 

7.5 

Ti0 2 

2.1 

2.5 

- 

3.0 

2.5 

Ignition loss 

29.3 

30.0 

20.0 

11.7 

27.0 


*Balance, minor impurities which include M gO, V 2 0> P 2 O 5 , Ga 2 0 3 , CaO, ZrCK MnO, Ct' 2 0 3 , ZnO, organic 
materials, etc. 


only a limited solubility in the caustic soda solution used. This contrasts with the 
combined forms (kaolinite and halloycite) which readily c solution. The dissolution 
of silica leads to a reduction in the yield of the extracted alumina, and therefore 
the soluble desirable. Consequently the silica content is usually referred to as reactive 
or unreactive, depending on its tendency. Table 8 summarizes a range of compo- 
sitions predominantly containing gibbsite [8], 


3 REDUCTION OF ALUMINUM 

Modern-day aluminum production involves two independent industrial processes 
for the transition from the naturally occurring aluminum oxide ores to the extracted 
metal (Fig. 6 ) [18]. The reduction of aluminum oxide to aluminum includes two main 
stages: 

• production of an aluminum oxide (alumina) from aluminum ores. It can be 
done by different chemical methods. 

• Production of aluminum from an aluminum oxide by electrolysis with fused 
sodium aluminum fluoride (Na 3 AlF6) commonly called cryolite 
[6,8,14,18-20]. 


3.1 Production of Aluminum Oxide from Bauxites 

3.1.1 The Bayer Process 

All commercially produced alumina from bauxite is obtained by a process patented 
by Karl Bayer in 1888 (German Patent 43,977). The Bayer process involves a caustic 
leach of the bauxite at elevated temperature and pressure, followed by separation of 
the resulting sodium aluminate solution and selective precipitation of the aluminum 
as the hydrated aluminum oxide (AFO3 • 3H 2 0). 

Alumina (aluminum oxide) is white powder produced from bauxite ores by 
treating them with caustic soda in the Bayer process (Fig. 7) [8]. The actual 
processing conditions such as the leach temperature, holding time, and caustic con- 
centration, as well as the costs, are influenced by the type of bauxite to be processed. 
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Figure 6 Flow-sheet for aluminum production from alumina. 


As a result, a Bayer alumina plant is designed to treat a specific bauxite and cannot 
use a bauxite that is too different from the one the plant was designed to use, without 
major plant modifications [3]. 

The Bayer process is initiated by mixing crude bauxite with preheated spent 
leach solution. Lime is added during this initial step to control the phosphorus con- 
tent and to increase the solubility of alumina. The resulting slurry, containing 
40% to 50% solids, is pumped with additional caustic leach solution to pressurized 
digesters where high-pressure steam is used to raise the temperature. Alumina 
and some of the silica are dissolved during this step, soluble sodium aluminate 
is formed, and a complex sodium aluminum silicate is precipitated. 

The technological scheme of the Bayer bauxite processing method consists of 
several operations. Bauxite coming from a mine is dried, and progressively crushed. 
Then it is placed into an autoclave with a NaOH solution at 230°C and higher than 
atmospheric pressures. 

Digestion, in tanks 10-15 ft in diameter and up to 90 ft high, takes up to 5 hr. 
Leaching temperatures range form about 140°C to about 323°C, with corresponding 
pressures ranging from about 60 psi to over 1000 psi. The lower temperature ranges 
are used for bauxites in which nearly all of the available alumina is present as 
gibbsite. The higher temperature is needed to digest bauxite having a large percent- 
age of baehmite. Caustic concentration of the spent leach solution, expressed as 
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Bauxite 



Alumina 


Figure 7 The flow-sheet of the Bayer process. 

grams per liter of sodium carbonate (Na 2 C 03 ), averages about 200 g/1 for gibbsitic 
bauxite and about 300 g/1 for bauxites with a high baehmite content. 

Bauxites arrive on chemical processing without the preliminary mechanical 
enrichment. This process involves digesting bauxite at high temperatures with 
caustic soda which dissolves the alumina leaving iron oxide and silicates as waste 
products (red mud). This is accomplished by the following chemical reaction 

A1(OH)3( So1 ) + NaoH(Uq) ^=>- NaA10 2 (H q ) + H 2 0 

The resulting slurry of sodium aluminate solution and insoluble red mud from the 
digesters is cooled to atmospheric boiling temperature, and a coarse sand waste 
fraction is removed by gravity separators or wet cyclones. The fine solids in the 
red mud are then separated by decantation of the overflow in setting tanks measuring 
about 15 ft in depth and 50-125 ft in diameter [3]. 

2NaA10 2 + 4H 2 0 =>• 2 NaOH + A1 2 0 3 • 3H 2 0 
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The clarified sodium aluminate liquor is cooled until it becomes super- 
saturated, then seeded with fine crystals of alumina trihydrate. The alumina is pre- 
cipitated as the trihydrate, separated by sedimentation or filtration, and washed. 
The spent leach solution containing caustic soda is regenerated in the precipitation 
step, and together with the alumina remaining in solution, is recycled to the digesters. 
The filtered and washed alumina trihydrate is calcined for use in making metal. 


A1 2 0 3 ■ 3H 2 0 =*> Al 2 + H 2 0 


Two forms of calcined alumina are used to produce aluminum. European 
Bayer plants have traditionally produced a fine-grained highly calcined, floury 
alumina while North American Bayer plants have always produced a coarser 
grained, porous, sandy alumina that has not been totally calcined to the alpha 
alumina. The red mud contains Fe 2 0 3 , Ti0 2 , the sodium aluminosilicate, and a small 
quantities of other metal oxides. Because the complex represents a loss of both 
alumina and soda a low reactive silica content in the bauxite is desirable. The loss 
of soda is made up by adding caustic soda or soda ash and lime to the spent leach 
solution to bring it up to the appropriate caustic concentration before it is recycled. 

The liquor is washed out and is separated from the red mud. The liquor is 
filtered and then a small amount of aluminum hydroxide is introduced and slowly 
mixed. As a result, aluminum oxide is precipitated, from the aluminate solution. 

The precipitated trihydrate (aluminum hydroxide) is filtered and is then 
calcined in a rotary kiln at 1200-1 300°C to remove the water of hydration and 
to leave the alumina in a form suitable for use in the electrolytic production of 
aluminum. 

Invariably, the alumina prepared by the Bayer process has small amounts of 
impurities associated with it and typical impurity levels are summarized in Table 
9 [8], 

Variations in impurity levels will occur with different ore types, but the values 
show that a fairly high quality material is produced in the Bayer process. Some 
of the sodium oxide will be as sodium aluminate, and the small amounts of calcium 
oxide are present by virtue of the technology used to reconstitute the sodium 
hydroxide liquor for the extraction stage. This method is used for processing of high 
quality bauxites only. 


Table 9. Typical Impurities in Commercial Hydrated and Calcined Alumina [8] 


Impurity 

Percentage impurity 
Dried alumina trihydrate 

Normal calcined alumina 

Si0 2 

0.020 

0.03 

Fe 2 0 3 

0.015 

0.02 

Na 2 0 

0.250 

0.50 

CaO 

0.030 

0.05 

Loss on ignition 

34.700 

0.80 

Moisture (free) 

0.400 

- 
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3.1.2 The Production of Alumina from Bauxites with the Higher Silicon 
Content 

The production of alumina (aluminum oxide) from bauxites with the higher silicon 
content (from 8% to 15% silica) and other inclusions from aluminum raw materials 
is carried out by the agglomeration [14,18]. This combination process has been devel- 
oped by Alcoa. In this process, the bauxite is mixed with the limestone and the 
sodium carbonate. The mixture agglomerates in rotary furnaces at 1200-1300°C. 
In the agglomeration process the sodium carbonate reacts with aluminum oxide for- 
ming the sodium aluminate: 


A1 2 0 3 + Na 2 C0 3 = 2NaA10 2 + C0 2 . 


The received aluminum oxide is crushed and leached by water or a soda solution. As 
a result aluminum passes into a solution. The non-soluble red mud is separated from 
it. Then a solution free from silicon dioxide is produced by heating with a lime in an 
autoclave at 160°C. The silicon dioxide precipitates out as non-soluble calcium 
silicate (white mud). The calcium silicate is separated from the liquor by filtration. 
The resulting liquor precipitates aluminum hydroxide by passing carbon dioxide 
though the liquor: 

2NaA10 2 + 3H 2 0 + C0 2 = 2Al(OH) 3 + Na 2 C0 3 . 

Formed aluminum hydroxide has been separated by filtration, then washed out 
and calcined for alumina production. Extraction alumina by an agglomeration 
method accounts for 90% of total alumina products. A portion of the washed 
alumina may be left in the trihydrate form for chemical uses or it may be further 
processed under controlled conditions to produce a variety of chemical alumina, 
such as activated or tabular alumina for uses other than metal production. 


3.1.3 The Combine Method (Bayer Process with Agglomeration) 

For processing high silicon content bauxites sometimes, it is expedient to apply a 
combination of a Bayer process with the method of agglomeration [8]. The combi- 
nation of the Bayer process and agglomeration process improves the technological 
cycle of processing bauxite and enables the use of low quality bauxites. 

In the former Soviet Union, alumina is extract from nepheline [(Na, KjAlSiOJ 
flotation concentrates and other non-bauxitic materials containing about 30% 
alumina. Nepheline syenite has been mined at Belogorsk in Siberia and obtained 
as a byproduct of apatite recovery from syenite deposits in the Kola Peninsula. 

3.1.4 Processing Method for Alumina from Nepheline 

The processing method for alumina from nepheline ores consists in the agglomer- 
ation of a charge comprised of nepheline concentrate and limestone into the rotating 
furnaces at the temperature of 1280-1310°C [8,18], Calcium oxide of limestone 
reacts with nepheline. A cake consisted of bicalcium silicate and sodium aluminate 
is formed. A cake is leached by the sodium-alkali-aluminate solution which sodium 
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and potassium aluminates pass into. Formed at the carbonization, aluminum 
hydroxide drops out into a deposit, and sodium carbonate and potash remain in 
a solution. 

2NaA10 2 + 3H 2 0 + C0 2 = 2Al(OH) 3 + Na 2 C0 3 . 

Filtered and calcined aluminum hydroxide is a final product from which pure alumi- 
num is extracted from. The process of extraction makes about 80% of A1 2 0 3 . 

Historically, a small tonnage of alumina has been extracted commercially in 
Norway from high-iron bauxites by the Pedersen process. In this process, bauxite, 
limestone, coke, and iron ore are smelted in an electric furnace to produce pig iron 
and calcium aluminate slag containing 30% to 50% alumina. The slag is leached 
with sodium carbonate solution, and alumina trihydrate was precipitated by carbon 
dioxide. During World War II, the process was also used at a Swedish plant to treat 
andalusite (Al 2 Si0 5 ). 

3.1.5 The Pechiney H-Plus Process 

In Europe, the major development has been the process called the Pechiney H-Plus 
process. Developed by Pechiney in France the process consists of sulfuric acid leach- 
ing of the raw material, hydrocholric acid addition to the leach liquor and 
crystallization of A1C1 3 -6H 2 0 by saturation of the leach liquor with gaseous 
HC1 [21]. The aluminum trichlorid precipitate is purified by dissolution and 
reprecipitation. The final product is calcined to form alumina and to produce 
HC1 for recycle. Successful laboratory scale development has been followed by a 
pilot plant operation at 15-20 tons A1 2 0 3 per day scale at Marseilles. According 
to Cohen and Mercier [22], the alumina so produced has a higher purity than alumina 
produced from bauxite by the Bayer process. The process flow-sheet is shown in Fig. 
8. An analysis of the potential economics of the process indicated that, with heat 
recovery, the total operating cost to produce alumina from coal shale would prob- 
ably be 1.15-1.4 times the cost of production from bauxite at 1978 bauxite and 
energy prices. 

3.1.6 Technology for the Recovery of Metallurgical-Grade Alumina from 
Coal Ash 

Large quantities of coal ash are produced in the United States every year by 
coal-burning power-plants. In 1975, this amounted to 60 million tons, of which 42.4 
million tons was boiler slag [23]. (Fly ash is the fine material that is carried out of the 
boiler with the stack gases and is collected by precipitators. Bottom ash is coarser 
material that falls through the grate, and boiler slag is the molten as that collects 
at the bottom of slag tap boilers.) 

Fly ash, bottom ash, and boiler slag all contain significant amounts of A1 2 0 3 
and therefore can be considered as potential sources for the production of 
metallurgical-grade A1 2 0 3 . Typically, fly ash contains from 15% to 30% Si0 2 , 
50% Fe 2 0 3 , up to 20% A1 2 0 3 , with the remainder containing alkali and 
alkaline-earth oxides plus some unburned carbon [24]. Fly ash cannot be considered 
a high-grade potential source of metallurgical-grade A1 2 0 3 when compared with the 
large reserves of kaolinitic clays (35-40% AL0 3 ) and anorthosite (25-30% A1 2 0 3 ) 
[25], 
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Figure 8 Flow-sheet of the Pechiney H-Plus process. 


Considerable economic benefit would result if fly ash could be physically ben- 
eficiated to upgrade its AI 2 O 3 content before being processed by extractive 
metallurgical technique. A form of beneficiation that has been studied is magnetic 
separation. Scientists in the former Soviet Union have applied this technique to 
the ashes from a coal-gasification plant to produce a nonmagnetic fraction con- 
taining greater than 30% AI2O3 [26]. 

Table 10 shows the calculated costs in the United States as of late 1976 to 
produce 1 ton of AI2O3. 
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Table 10 Calculated Costs in the U.S. to Produce 1 Ton of Alumina [27] 


Material 

Cost per ton, 
U.S. Dollars 

Process cost. 
U.S. Dollars 

Fly ash 

Bauxite 

Bauxite 

16.00 

_ 

41.32 

Fly ash 

- 

- 

- 

Soda ash 

55.00 

11.55 

4.12 

Limestone 

5.00 

58.50 

0.38 

Lime 

25.00 

- 

- 

Starch 

220.00 

- 

1.10 

Coal 

20.00 

40.00 

- 

Oil 

133.00 

21.28 

10.30 

Steam 

- 

13.80 

11.81 

Electricity 

(*) 

16.50 

1.08 

TOTAL 


167.38 

70.11 


*Cost of electricity was $0,015 per kilowatt-hour 


Of the three general methods (alkaline-sinter process, acid-leach process, 
chlorination processes) examined for recovering metallurgical-grade AI2O3 from 
coal ash, sintering (lime or lime-soda) offers the most short-term potential. It 
has been demonstrated that AI2O3 can be produced by this procedure, and the incor- 
poration of a desilication step would possibly produce a grade of AI2O3 acceptable to 
the aluminum industry. The major unresolved problem with lime sintering is 
economic. Coal ash is basically a low-grade source of AI2O3, and the reagents 
and operating costs to conduct a high-temperature sintering operation are high. 
To be economically viable, the production of AI2O3 from coal ash by a sintering 
process should be integrated with cement production. 

Direct acid treatment of coal ash does not appear promising. Some form of 
pretreatment of the ash, such as reaction with limestone during power generation, 
may provide a means to improve the yield of AI2O3 during acid leaching. 

Dry chlorination of coal ash at high temperature is interesting because of the 
effective conversion of the aluminum values of AICI3. Dry chlorination expensive 
in money and energy to decompose [27]. 

3.2 Production of Commercial Purity Aluminum 

Primary aluminum is produced by the reduction of alumina by electrolysis in a 
molten bath of natural or synthetic cryolite (Na3AlF 6 ), which serves as an electrolyte 
and a solvent for the alumina. 

3.2.1 Electrolytic Reduction (Smelting) 

Commercial purity aluminum is manufactured mainly by electrolysis [28-32], The 
process used for the electrolytic reduction of alumina to the metal does not differ 
fundamentally from the original process devised in 1889 by HerCult and Hall. 
The main change being an increase in the size of each electrolytic cell [33]. 
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Figure 9 Schematic diagram of an electrolytic cell fitted with a “Soderberg” anode. 


Primary aluminum production is electricity-intensive. The current U.S. aver- 
age energy consumption for aluminum reduction is estimated to be 15.18 kWh /kg 
of aluminum. The lowest energy consumption that can be achieved today is about 
13.0 kWh /kg of aluminum for a line of modern, high-amperage reduction cells. Pro- 
duction cells normally have current efficiencies ranging from 85% to 95%. Large, 
modern reduction cells operate with current efficiencies of 94-96% [34]. 

Figure 9 is a diagrammatic section of a multi-anode furnace from which the 
main points of construction can be seen. The outer casing consists of a brick-lined 
rectangular steel box which acts as container and support. Inside this box the 
cathode is constructed of baked carbon or graphite blocks, cemented together with 
a paste of ground coke and pitch, and of such a shape as to contain the bath of 
electrolyte. The electrolyte is largely molten cryolite or with additions of calcium 
fluoride and aluminum fluoride are made and alumina. A typical composition of 
this solution consists of cryolite 75-90%, alumina 2-8%, aluminum fluoride up 
to 10%, calcium fluoride 5%. 

The anode consists either of a number (as many as twenty) or pre-baked carbon 
blocks dipping into the molten electrolyte, or of a single massive Saderberg electrode. 
Although there are two fundamental designs of anodes used in industrial aluminum 
electrowinning, they are both formulated form similar materials and undergo 
the same type of reactions within the operating cell. For environmental reasons, 
there has been an increasing tendency to move to the “pre-baked” anodes, and there- 
fore the presentation of data and discussion of reactions will be biased towards this 
form of anode. The Saderberg type of electrode uses the waste heat of the furnace 
to bake the anode paste in situ instead of this being done as a separate operation 
as with the pre-baked anodes. 
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Electrolysis of Aluminum Oxide (Figure 9) 

Aluminum oxide AFO3 dissolves in molten cryolite Na3AlF6 at the temperature of 
950-970°C [7] and break down electrochemically by discharging aluminum cations 
on the cathode (the molten aluminum), and the acid-containing ions (oxygen 
ions) — on the graphite-carbonic anode. The molten cryolite dissociate on ions 
Na + and AlFg - : 


Na3Al6 <^=4>3Na + + AlFg - and aluminum oxide— on complex 
ions A107 and A10 + : 

AI2O3 A107 + A10 + , which are in balance with the simple ions: 

A107 <=► A1+ + 2O2 , A10 + ^A1+ + 07. 

The reduction of trivalent aluminum is the predominant process occurring at the 
cathode: 

A1+ + 3e -> A1 

In addition the incomplete discharge of the trivalent aluminum with the formation of 
univalent ions can take place: Al 3+ + 2e -* Al + and discharge univalent ions with 
settling of the metal: 

A1+ + e -* Al. 

At the graphite anode there is the discharge of oxygen ions. The oxygen 
oxidizes carbon of the anode and is released as a mixture of C0 2 + CO. 

The primary aluminum (raw aluminum) taken from an electrolyser contains 
three groups of impurities: a non-metallic (fluorine salts), such as a- and y-aluminum 
oxide, aluminum carbide and aluminum nitride, and graphite particles; metallics 
such as iron and silicon passing from raw materials, coal materials and structural 
electrolyzer elements; and gaseous — mainly hydrogen formed as a result of electro- 
litic water dissociation. 

For simultaneous aluminum purification from non-metallic impurities and 
hydrogen, the filtration through a fluxing filter with the adding blowing nitrogen 
is applied. As a result of such purification the contents of hydrogen in aluminum 
is reduced from 0.22 down to 0.16 cm 3 on 100 g of metal. 

The most effective method of simultaneous purification of aluminum from 
sodium, hydrogen and non-metallic impurities, is by bubbling a gas mixture of nitro- 
gen with 2-10% Cl through the molten metal. This method of purification permits a 
lower sodium content of 0.0003-0.001% at the total consumption of a gas mixture 
from 0.8 up to 1.5 m 3 /g of the metal [32]. 


Future Developments in Hall-Heroult Cells 

With the gains in productivity and cost reductions achieved over the past decade 
allowing aluminum to remain a competitive commodity metal and meet the growth 
in world demand of 2-3% per year, the primary aluminum industry has become 
complacent in searching for alternative processes. Intellectual energy has been 
focused on cost cutting and environmental concerns [43]. 
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Inert anodes have been the dream of aluminum producers from the beginning, 
and numerous materials have been tried. But there are no really inert materials 
so far. In the cathode, prolonged cell life, a lower cathode voltage drop, stability 
over time, and more resistant sidewalls are needed. While a 1300 day life was accept- 
able 50 years ago, and 2000 day lives are acceptable today, cathode lives of more than 
3000 days will be demanded in the future. With the rise in use of graphitic blocks to 
decrease the cathode voltage drop, improved abrasion resistance is a necessary 
challenge. One solution is a coating with TiB 2 [43], 

There are significant efforts to develop transition stable wetted cathodes and 
nonconsumable anodes. It looks as if aspects of designs for retrofitted cells and 
advances in material science will be resolved in industrial tests by 2005. In 1997, 
the Aluminum Association and the U.S. Department of Energy joined forces to fund 
further the search for materials for the inert anodes. From the present perspectives, 
meaningful pilot bipolar cells for liquid aluminum could be in progress by 2010 
at the earliest [43]. 

There are challenges remaining in the section and management of the lining of 
the reactor. Even when the pure CO evolved in this process is reconverted to elec- 
trical energy, there is twice as much C0 2 evolved as for the electrolytic process, 
although the unit energy is lower. 

Perhaps an alternative approach in extracting aluminum in the liquid state 
could derive from what is being discovered about slurry electrolytes. In this method, 
solid aluminum, even if dendritic, could be electrodeposited on a rotating disc 
cathode form a low melting (540-600°C) all-fluoride electrolyte using a 
nonconsumable anode. The solid aluminum would be removed within the fully 
enclosed cell and transported to a melting furnace above 660°C where the solid 
aluminum and entrapped bath would be separated. In this concept, the bath is 
recycled to the cell, and the now-liquid aluminum processed conventionally [43]. 

3.2.2 The ALCOA Chloride Process 

In January 1973 ALCOA [35] announced the development of a new aluminum elec- 
trolysis process. The process employs electrolysis of aluminum chloride dissolved 
in alkali and alkaline earth chloride melts. Among the most favorable aspects of 
the process are reduced electrical energy consumption (~30%), less pollution 
and more flexible operation. 

The first step of the ALCOA process is the production of very pure alumina by 
the Bayer process. The two succeeding steps are the chlorination of alumina and the 
electrolysis of the dissolved molten aluminum chloride. The resulting aluminum 
chloride is purified by passage through a special filter before resublimation in an 
inert gas. The alumina is then transported to a tank where it is stored in the 
crystalline state. The cell used for the electrolysis consists of a steel mantle lined 
with a thermally insulating, non-conducting refractory material which is not 
corroded by the electrolyte. 

The total energy consumption of the process depends on the raw materials 
used, e.g. bauxite versus pure alumina and petroleum coke versus carbon coke. 

While the Hall-Heroult process has its fluoride emission problem, the chlori- 
nation steps in the ALCOA process may result in chlorinated hydrocarbons being 
formed. The economic potential for this process is strongly dependent on the cost 
of producing A1C1 3 in the chlorination step. 
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The advantages of the ALCOA method is compared with electrolysis of the 
kryolite-aluminum oxide melt (ALO 3 dissolved in cryolite Na 3 AlFg) are: energy 
saving up to 30%; an opportunity of application ALO 3 with the higher silicon con- 
tent; substitution of cryolite by cheaper salts; reducing or completely eliminating 
the problem of fluorine liberation. 


3.2.3 The Toth Process 

This process is based on reduction of A1C1 3 by Mn and bears the name of its inventor 
Charles Toth. Since 1968 the process has been described in several patents [24] and 
also has received considerable publicity in the financial and engineering press. 
The Toth process comprises four major steps: 

Step 1: at the temperature of 925°C 

AI 2 O 3 (in clay) + 3C + 3C1 2 = 2A1C1 3 + 3CO 

Step 2: at the temperature of 230°C 

2 AICI 3 + 3Mn = 2A1 + 3MnCL 

Step 3: at the temperature of 600° C 

2MnCl 2 + 0 2 = 2MnO + 2C1 2 

Step 4: at the temperature of 1750°C 

MnO + C = Mn + CO 

The total reduction considered being 

2A1 2 0 3 (in clay) + 30 2 + 12C = 4A1 + 12CO 

Toth process is an indirect carbothermal reduction of alumina. Several types of 
cheap minerals with ALO 3 contents as low as 30-40 wt%, for instance kaoline 
labradorite and bauxite, are potential raw materials. 

Beside the potential use of low grade ore, the really favorable aspect of the Toth 
process is its presumably low demand of electrical energy, i.e. 5% of the 
Hall-Heroult process according to the inventor. It must be recognized, however, 
that the appreciable reduction in electrical energy is largely compensated by an 
increased carbon consumption. 

A successful large-scale operation of the Toth process still remains to be dem- 
onstrated and considerable work has to be done before the final answer to its poten- 
tial can be given. 

3.2.4 Aluminum Extraction from Anorthosite by Leaching with 
Hydrochloric Acid and Fluoride 

The United States is more than 90% dependent on imported bauxite as a source for 
aluminum, but it has vast non bauxitic aluminum resources, such as kaolinite, 
anorthosite, alunite, etc. To reduce this dependence, the Bureau of Mines conceived 
a raw materials-process technologies matrix as a means of systematically 
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investigating the technology options available for processing domestic aluminum 
resources [36]. Resources considered were clay, anorthosite, alunite, dawsonite con- 
tained in oil shale, and coal as and coal shale [25,37]. 

Most of the research on alumina recovery from anorthosite was concentrated 
on the lime-soda-sinter process [38]. Anorthosite is sintered with soda ash and 
limestone. Leaching, desilication, and precipitation steps are performed before 
alumina is recovered as the trihydrate. The lime-soda-sinter process has two major 
drawbacks: 

• In addition to mining anorthosite, large amounts of limestone and soda ash 
are required. 

• Sintering is performed at 1300°C, which consumes appreciable amounts of 
energy. 

Another method for recovering alumina from anorthosite is the melt-quench 
technique [39] in which a charge of anorthosite is arc melted at approximately 
1650°C and then rapidly cooled. The resulting amorphous product is amenable 
to alumina extraction by acid. Because of their crystalline structure, aluminum 
silicates, such as anorthosite, are not readily attacked by a mineral acid unless 
the crystalline structure is altered. Acid in conjunction with the fluoride ion disrupts 
the silicate structure sufficiently so that acid leaching is effective in extracting the 
aluminum content. 

Anorthosite is a rock composed mainly of calcium-rich plagioclase. Anortho- 
site resources of the United States are estimated at 599 billion tons averaging 
27% A1 2 0 3 [25]. Large anorthosite deposits are located in Minnesota, New York, 
Wyoming, and California. Chemical analysis of the anorthosite is the following: 
29.3% AL0 3 , 2.0% Fe 2 0 3 , 11.5% CaO, 0.15% Ti0 2 , 51.4% Si0 2 , 5.1% Na 2 0, 0.29% 
K 2 0, 0.26% MgO. 

Excellent aluminum extractions were obtained from Wyoming anorthosite by 
countercurrent leaching with hydrochloric acid and fluoride ion. The model (Fig. 
10) schematically illustrates simulated three-stage countercurrent leaching by a 
series of batch tests. Fresh HC1 leachant moves downwards; anorthosite ore moves 
to the right. The two upper rows prepare leaching acid for use in the bottom row, 
where ore is contacted by acid of increasing strength. Since the spent liquors from 
the initial first and second rows are not utilized in the stages immediately below, 
they are discarded. Fluoride was added to the fresh leaching acid. H 2 SiF 6 , Na 2 SiF 6 , 
and CaF 2 were used as sources of fluoride, and at equivalent amounts of fluoride 
addition no difference was noted in their effect. Retention time for each stage 
was 2h, or a total leach time of 6h. 

The leaching process eliminates the energy-intensive step of high-temperature 
calcination. Countercurrent leaching resulted in a more efficient use of acid and 
fluoride than single-stage leaching. Ninety percent of the aluminum values were 
extracted with 95% of stichiometric HC1 requirement and a F/Al ratio of 0.27. 
If acid concentration is increased, the fluoride addition can be decreased. 

3.2.5 Alternative Methods of Production 

Despite several disadvantages, the electrolytic method for the production of alumi- 
num is still the only process practiced on an industrial scale. The main drawbacks 
are: 
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Figure 10 Diagram of simulated, three-stage countercurrent leaching. 

• the very large size of the economic unit 

• the employment of low voltage D.C. as a source of energy 

• the additional capital investment in the alumina factories 

Continued efforts have been made to devise a process that would be free from 
these problems, and recently a certain amount of progress has been made. It is com- 
paratively simple to reduce crude bauxite in an electric furnace with carbon, but 
the result is an alloy of aluminum with iron and silicon, which must be purified. 
Two methods are available: in one the aluminum is dissolved in a suitable solvent, 
e.g. Zn, Mg, or Hg, the impurities filtered off, and the solvent recovered by 
distillation, in the other, which has been operated on a pilot scale in Canada, 
the aluminum is volatilized as a sub-halide. The Al-Fe-Si alloy is treated with alumi- 
num chloride at 1000-1200°C at atmospheric pressure. The resulting sub-chloride, 
A1C1, is passed to a condenser where the aluminum is deposited according to 
the reaction: 

3A1C1 2A1 + A1C1 3 

The aluminum chloride is recycled. 

Another method which has reached pilot plant stage in France depends on the 
reduction of pure alumina with carbon, and instead of capturing the aluminum vapor 
in another metal and so obtaining an alloy, the vapor is captured, and re-oxidation 
prevented, with aluminum carbide. The two reactions: 

A1 2 0 3 + 3C = 2A1 + 3CO 


and 


2A1 2 0 3 + 9C = C 3 AI 4 + 6 CO 
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proceed simultaneously, and under the right conditions at 2400°C an alloy of alumi- 
num and the carbide is obtained which may contain as much as 80% aluminum. This, 
on cooling, deposits the carbide, which can be separated by fluxing with fused 
chlorides. The carbide is recycled. 

None of these methods saves energy in comparison to the electrolytic method, 
but they do open up the possibility of working smaller units, with lower capital 
investment. 


4 PRODUCTION OF SUPER PURITY ALUMINUM (REFINEMENT) 

The production of superpurity aluminum, 99.99+% purity, requires special pro- 
cedures, such as a continuous electrorefining of commercially pure aluminum in 
a Hoopes cell. 

The electrolitic refinement of aluminum carries out by the three-layer method 
[7,19,40]. For this purpose there are three layers available into the electrolizer (Fig. 
11). The bottom layer serves as the anode. It represents a refined (purified) aluminum 
alloy with copper. Copper is introduced to increase the density of a layer. An average 
density layer is the molten electrolyte. Its density is less than the density of an anode 
alloy and higher than one of purified (cathode) aluminum which is above an elec- 
trolyte (a molten top layer). 

At anode dissolution more electropositive impurities than aluminum such as 
Fe, Si, Ti, Cu, and other, remain in an anode alloy. Aluminum is dissolved only 
at the anode. It goes into electrolyte in the form of metal ions Al 3+ : 

A1 — 3e — > Al 3+ 


+ 



I , I ! . I I 11)111 


+ 


Figure 11 Super-purity refining furnace. 
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During the electrolysis, ions of aluminum are transferred to the cathode: 

Al 3+ + 3e -> Al. 

As a result, a layer of the molten purified aluminum is accumulated on the cathode. 

More electronegative impurities than aluminum such as Ba, Na, Mg, Ca can be 
dissolved electrochemically on the anode. These ions report to the electrolyte. 
Because of the small amount of electronegative impurities in the raw aluminum 
they have not accumulated to a great extent in the electrolyte. The discharge of these 
ions on the cathode does not practically occur because their electrode potential is 
more electronegative than aluminum. 

The fluoride-chlorine electrolyte is more common for this process The chemi- 
cal composition of it is 55-60% BaCl 2 , 35-40% A1F 4 + NaF and up to 4.0% NaCl. 
Mole ratio NaF/Al 3 is 1. 5-2.0; The melting point of the electrolyte is 720-730°C. 
The temperature of the electrolysis is approximately 800°C. The electrolyte density 
is 2.7 g/cm 3 . 

The anode alloy is prepared from the primary aluminum and pure copper 
(99.90 99.95% Cu) which is introduced into the metal in quantity of 30-40% [7]. 
The density of a liquid anode alloy of such composition is 3. 0-3. 5 g/cm 3 . Density 
of pure molten cathode aluminum is 2.3 g/cm 3 . Purity of aluminum refined by 
the three-layer method is 99.95%. Purity is determined based on the quantity of five 
main impurities such as Fe, Si, Cu, Zn, Ti. 

On evidence derived from [6] refined aluminum has the following composition: 
Fe - 0.0005-0.002%; Si - 0.002-0.005%; Cu - 0.0005-0.002%; Zn - 0.0005-0.002%; 
Mg - traces; Al - other. Refined aluminum usually processes into a semi-finished 
product of the specified above composition or alloyed by magnesium. 


4.1 Production Extreme Purity Aluminum 

4.1.1 Zone Melting 

The principle of zone melting consists of repeated passing of a melted zone along an 
aluminum ingot [7]. The impurities decreasing the melting point aluminum at 
the zone melting are concentrated in the molten zone and are transferred to the 
end as an ingot. These impurities are Ga, Sn, Be, Sb, Ca, Th, Fe, Co, Ni, Ce, 
Te, Ba, Pt, Au, Bi, Pb, Cd, In, Na, Mg, Cu, Si, Ge, Zn. The impurities increasing 
the melting point are concentrated in a solid (initial) part of an ingot. These 
impurities are Nb, Ta, Cr, Ti, Mo, V. The impurities such as Mn and Sc do not 
change the melting temperature of aluminum and are not removed at the zone 
melting. 

Aluminum has significant chemical activity. Therefore, zone melting should be 
carried out in a vacuum or in an atmosphere of inert gas (argon or helium). During 
the zone melting in a vacuum, extreme purity of aluminum can be achieved because 
some impurities “volatilize.” Typical elements that volatilize are Mg, Zn, Cd, alka- 
line and alkaline-earth metals. 
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By zone melting with several consecutive cycles, it is possible to achieve very 
pure aluminum [41]. The initial material of each new cycle is the purest part of 
an ingot received at the previous cycle. The purity of received aluminum is deter- 
mined based on the difference of the main impurities such as Si, Fe, Mg, Mn, 
Ti, Cu, Cr, Zn, Na, V making up more than 99.9999%. 

Another method of achieving extreme purity aluminum is refined electrolysis of 
pure or commercial pure aluminum [6]. Complex aluminorganic aluminum com- 
pounds are applied as the electrolyte. Electrolysis does at 100°C between solid alumi- 
num electrodes. The composition of electrolyte can differ. For example, in [42], 
electrolysis of 50% solution of NaF x 2A1(C 2 H 5 ) 3 in toluene is applied. Using this 
method, the metal purity of 99.999-99.9999% can be achieved. 
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Properties of Pure Aluminum 

ALEXEY SVERDLIN 

Bradley University, Peoria, Illinois, U.S.A. 


1 INTRODUCTION 

Aluminum’s unique properties - its light weight, high strength, and resistance to 
corrosion - make it an ideal material for use in conventional and novel applications. 
Aluminum has become increasingly important in the production of automobiles and 
trucks, packaging of food and beverages, construction of buildings, transmission of 
electricity, development of transportation infrastructures, production of defense 
and aerospace equipment, manufacture of machinery and tools, and production 
of durable consumer products. As demand for more technologically complex 
and ecologically sustainable products increases, opportunities for aluminum will 
continue to expand [1]. 

Aluminum is the third most abundant element in the Earth’s crust. Aluminum 
is the chemical element of the 3rd group in the periodic table of the elements. 
The atomic number of aluminum is 13, values for the atomic weight are 26.9815 
based on 12C, and 26.98974 based on 16 0 [2], Aluminum has a silver-white color. 
It does not have any natural isotopes. Its artificial isotopes are radioactive isotopes 
- 26 A1 and 26 Al. The isotope 26 A1 has a half-life of 10 6 years and isotope 27 A1 is 
stable and consists of 14 neutrons and 13 protons. Table 1 lists the properties 
and characteristics of some isotopes found in aluminum. 

The nuclear properties of aluminum are of practical interest. The naturally 
occurring isotope Al 27 has a cross section for thermal neutrons of 0.21 barn (1 barn 
= 10” 24 cm 2 ). This low cross section combined with the short half-life of the radio- 
active product from the irradiation of aluminum an especially attractive material 
for use within nuclear reactors. In the early nuclear reactors, aluminum was used 
almost exclusively for protective sheaths around uranium fuel elements and as tube 
and fittings for conducting coolant through the pile. 
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Table 1 Isotopes of Aluminum [3] 


Isotope 

Half-life 

Particles 

absorbed 

Type of 
decay 

Energy of 
radiation, 
ev* 

Some typical 
modes of 
formation 

Al 23 

0.13 sec 

_ 

_ 

_ 

_ 

Al 24 

2.7 sec 

Neutron 

P+ 

Y 

~8.5 

1.38-7.1 

Mg 24 (p, n) 

Al 25 

7.5 sec 

Neutron 

P+ 

3.2 

Mg 25 (p, n) 

Al 26m 

7.0 sec 

Neutron 

P+ 

3.2 

Mg 25 (d, n) 

Al 26 

10 6 years 

Neutron 

ec (**) 

P 

Y 

1.16 

1.83, 1.14 

Mg 25 (d, n) 
Mg 26 (p, n) 
Al 27 (n, 2n) 

Al 27 

100% 

abundance, 

stable 





Al 28 

144 sec 

2 protons 
1 proton 

P- 

Y 

2.86 

1.78, 1.27 

Al 27 (n, y) 
Al 27 (n, y) 

Al 29 

396 sec 

Proton 

Proton 

P- 

Y 

2.5, 1.4 
1.28, 2.43 

Al (a, 2p) 
Mg (a, p) 


* Electron-volts 
** Electron capture 


Aluminum may possess a coordination number for oxygen of either 4 or 6. The 
process of recrystallization of aluminum oxide is normally slow. Thus, there are a 
great many crystal structures for aluminum oxide. The corundum structure has only 
6 coordinate A1 in hexagonal crystals. It can probably be viewed as a distorted hex- 
agonal closest packed structure of oxide ions, with some of the octahedral holes 
occupied by Al 3+ ions. Beta alumina has spinal structure with extra cation vacancies 
to bring the stoichiometry to M2O3 from the ideal spinal formula of MM2O4. 


2 GRADES OF ALUMINUM 

Depending on amount of impurities, aluminum is classified into extreme purity 
aluminum and commercial purity aluminum (primary aluminum). 

In Russia there are four grades of extreme purity metal with the content of 
aluminum no less than 99.996%; 99.99%; 99.97%, 99.93%, other elements present 
are iron, silicon, copper [4]. The chemical composition of primary aluminum is pre- 
sented in Table 2 (Russian Standard GOST 11069-74) [4]. 

Table 3 shows nomenclature for the various degrees of purity of aluminum 
accepted in the USA [5]. Aluminum exceeding 99.99% in purity, produced by 
the Hoopes [6] electrolytic process, was first available early in 1920. In 1925, 
Edwards [7] reported some of the physical and mechanical properties of this grade 
of aluminum. Taylor, Willey, Smith, and Edwards [8] published a paper in 1938 
that gave several properties for 99.996% A1 that was produced in France by a modi- 
fied Hoopes process. 
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Table 2 Russian Classification of Aluminum 


Impurities, %, not more than 


Total of 
controlled 


Grade 

Al, % 

Fe 

Si 

Cu 

Zn 

Ti 

Others 

impurities 




Extreme purity aluminum 




A999 

99.9999 

- 

- 

- 

- 

- 

- 

0.001 




Super purity aluminum 




A995 

99.995 

0.0015 

0.0015 

0.001 

0.001 

0.001 

0.001 

0.005 

A99 

99.99 

0.003 

0.003 

0.003 

0.003 

0.002 

0.001 

0.010 

A97 

99.97 

0.015 

0.015 

0.005 

0.004 

0.002 

0.002 

0.030 

A95 

99.95 

0.030 

0.030 

0.005 

0.002 

0.005 

0.005 

0.050 




Commercial aluminum 




A85 

99.85 

0.08 

0.06 

0.01 

0.02 

0.010 

0.02 

0.15 

A8 

99.80 

0.12 

0.10 

0.01 

0.04 

0.020 

0.02 

0.20 

A7 

99.70 

0.16 

0.16 

0.01 

0.04 

0.020 

0.02 

0.30 

A7E 

99.70 

0.20 

0.08 

0.01 

0.04 

0.010 

0.02 

0.30 

A6 

99.60 

0.25 

0.20 

0.01 

0.06 

0.030 

0.03 

0.40 

A5 

99.50 

0.30 

0.30 

0.02 

0.06 

0.030 

0.03 

0.50 

A5E 

99.50 

0.35 

0.12 

0.02 

0.04 

0.015 

0.02 

0.50 

AO 

99.0 

0.50 

0.50 

0.02 

0.08 

0.030 

0.03 

1.00 


Table 3 The Various Degrees of Purity of Pure Aluminum 
(the USA Standard) [5] 


Aluminum, % 

Designation 

99.5000 to 99.7900 

Commercial purity 

99.8000 to 99.9490 

High purity 

99.9500 to 99.9959 

Super purity 

99.9960 to 99.9990 

Extreme purity 

>99.9990 

Ultra purity 


Based on ISO standards the classification of aluminum is shown in the Table 4 

[9]. 

The chemical composition of the extreme purity and primary aluminum 
according to the DIN1712 is shown in Table 5 [4]. 

Table 6 lists the A A wrought alloys that are covered by standards as used in 
Great Britain, Germany, France, Japan, Russia, and in the Recommendations 
of the International Organization for Standardization (ISO). The list includes only 
those alloys that are essentially in agreement composition-wise with the composition 
of the AA alloy. Standards are subject to change and the actual issue of the speci- 
fication or standard currently in effect should be consulted for full information. 
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Table 4 Classification of Aluminum Based on International Standard (ISO) 


Purity of aluminum 


Designation 


Extreme purity A199.99R; A199.95R; A199.9R; A199.8; A199.7 

Commercial purity A199.8; A199.7; A199.5 

For electrical industry (wires) A199.4; A199.0; A198 

E-Al 

Extreme purity A199.99R; A199.95R; A199.9R; 

A199.8; A199.7; A199.5 

Commercial purity E-Al* 

For electrical industry (wires) E-Al** 


* Electrical conductivity in annealing condition is more than 35.7 /rOhm x mm 2 
** Electrical conductivity in annealing condition is more than 35.4 n Ohm x mm -2 


Table 5 The Chemical Composition of the Aluminum of Different Grades (the German 
Standard) 


Allowable impurities 


Including 


Grade 

Number 

Total 

Si 

Fe 

Ti 

Cu 

Zn 

Others 

A 199.99R 

3.0400 

0.01 

0.060 

0.005 

0.002 

0.003 

0.005 

0.001 

A 199.99R 

3.0300 

0.10 

0.050 

0.035 

0.006 

0.005 

0.040 

0.003 

A 199.8H 

3.0280 

0.20 

0.150 

0.15 

0.030 

0.010 

0.060 

0.010 

A 199.7H 

3.0270 

0.30 

0.200 

0.25 

0.030 

0.010 

0.060 

0.010 

A 199.5H 

3.0250 

0.50 

0.300 

0.40 

0.030 

0.020 

0.070 

0.030 

A 199. OH 

3.0200 

1.00 

0.500 

0.06 

0.030 

0.020 

0.080 

0.030 


3 PHYSICAL PROPERTIES 

The properties of aluminum depend to some extent on purity. This may vary from 
the ordinary aluminum of commercial purity to super-purity aluminum. For special 
purposes, aluminum may be further purified by zone refining to give a purity of 
about 99.99995%. Aluminum is well known for its low density, 2.7 g/cm 3 , high 
reflectivity and high electrical and thermal conductivity. It is very resistant to atmos- 
pheric corrosion, due to instantaneous formation of an adherent oxide film, which 
protects the metal against further attack. The more important physical properties 
are shown in Table 7, which also indicates how these properties are affected by purity 
[11]. It will be seen that the main effects of purity are upon electrical resistivity (the 
electrical resistance offered by a material to the flow of current, times the 
cross-sectional area of current flow and per unit length of current path; the reciprocal 
of the conductivity) and thermal conductivity. 
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Table 6 International Cross References on Aluminum [10] 


USA 

AA 

UK 

BS 

Germany 

DIN 

France 

NF 

International 

ISO 

Japan 

JIS 

Russia 

GOST 

1050 

— 




A 1050 


10 50 A 

IB 

A 199.5 

A 5 

A 1 99.5 

- 


1060 

- 

- 

- 

A1 99.6 

A 1060 

A 6 

1065 

- 

- 

- 

- 

- 

- 

1070 

- 

- 

- 

- 

A 1070 

A7 

1070A 


A 199.7 

A7 

A1 99.7 

- 

- 

1080 





A 1080 

- 

1080A 

A 8 

A 199.8 

A 8 

A1 99.8(A) 

- 

- 

1085 

- 


- 

- 

A 1085 

- 

1090 

- 


- 

- 

A 1N90 

- 

1098 

- 

A 199.98R 

- 

- 

- 

- 

1100 

A45 

- 

A45 

A1 99.0 Cu 

A 1100; 
A 1N00 

- 

1185 

- 

- 

- 

- 

A 1185 

A85 

1199 




- 

- 

A99 

1200 

A4 

A 199 

A4 

A1 99.0 

A 1200 

A0 

1230 

- 

- 

- 

A1 99.3 

A 1N30 

- 

1250 

- 


- 

- 

- 


1350 

- 


- 

E-Al 99.5 

- 

A 51: 

13 50 A 

- 

I: -A 1 

- 

- 

- 

- 

1370 

- 

- 

A-U6MT 

- 

- 

- 


Table 7 Physical Properties of Aluminum (after P. C. Varley) 






Purity, % 



Property 

99.999 

99.990 

99.800 

99.500 

99.000 

Melting point, °C 


660.2 

- 

- 

657.0 

Boiling point, °C 


2480 

- 

- 

- 

Latent heat of fusion, cal/g 


94.6 

- 

- 

93.0 

Specific heat at 100°C, cal/g 


0.2226 

- 

- 

0.2297 

Density at 20°C, g/cm 3 

2.7 

2.7 

2.71 

2.71 


Electrical resistivity, fifl-cm 

2.63 

2.68 

2.74 

2.8 

2.87 

at 20° C 

Temperature coefficient of 


0.0042 

0.0042 

0.0041 

0.0040 

resistivity 

Coefficient of thermal 


23.86 

23.5 

23.5 

23.5 

expansion x 10 6 (20- 

100°C) 

Thermal conductivity, 


0.57 

0.56 

0.55 

0.54 

e.g. units at 100°C 

Reflectivity (total), % 


90 

89 

86 

- 

Modulus of elasticity, 


9.9 

- 

- 

10.0 

lb/in 2 x 10- 6 
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(a) 



(c) 


Figure 1 The crystal structure of aluminum - the face-centered cubic crystal structure: (a) 
a hard sphere unit cell representation, (b) a reduced-sphere unit cell, and (c) an aggregated 
of many atoms [85,86]. 


3.1 CRYSTAL STRUCTURE AND ATOMIC RADIUS 

Aluminum has the face-centered cubic crystal structure over the whole temperature 
range up to the melting point with the coordination number 12 (each atom had 
the same number of nearest-neighbor or touching atoms) (Fig. 1) [12]. This crystal 
structure is the most packed cubic lattice. The closest distance between two atoms 
in the aluminum structure is 2.863A. The atomic packing factor is 0.74. The accepted 
lattice constant of aluminum crystal structure a is 4.0414A at room temperature [13]. 
The lattice is stable at the temperatures from 4K up to a melting point of 933K [14]. 
Measurements of 99.99% A1 (corrected for refraction) by Figgins et al. [15] give 
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a = 4.04963A at 25°C (standard deviation 0.00002A) agreeing very well with the 
results of Straumanis [16] 

Atomic radius of aluminum determined as half of the distance between the 
nearest-neighbors in a crystal structure of a pure element is equal to 1.43A [17-19]. 
There is the metallic bonding in aluminum crystal structure. The atomic weight 
of aluminum is 26.9815 (on carbon 12 C) and 26.98974 (on oxygen 16 0) [20]. 

The equilibrium interatomic distance at metallic bonding corresponds to 
strong overlapping of the external electron shells. Therefore, the atomic radius 
is equal approximately to the orbital radius of external shells. 

The ionic radii describe more precisely the interatomic distance. The ionic 
radius of aluminum is 0.53 A that is calculated based on the distribution of the density 
of electrons [19]. The interatomic distance in the aluminum crystal structure can be 
described by a system of atomic-ionic radii. This distance is defined by an orbital 
radius of a free atom and equals 1.23 A. 


3.2 Defects of a Crystal Lattice 

Vacancies are the simplest point defects in a crystal lattice. It is a normally occupied 
lattice site from which an atom or ion is missing. The ability of a crystal to keep point 
defects, formed in one way or another depends on their mobility in a crystal. 

One way that determines the vacancy concentration, is the measurement of the 
length of a specimen and the period of a lattice during heating to a given 
temperature: Gv = 3 (AL/L-Aa/a), where AL/L-change in length of a specimen 
at some instant, Aa/a-change in the period of a lattice at the same instant. The equi- 
librium concentration of vacancies in pure aluminum at the temperature close to the 
melting point using this formula is 9.4x 10 4 [21,22]. The energy of formation (Af) and 
migration ( Am) vacancies and also the energy of activation for self-diffusion (E S( j) of 
vacancies in aluminum are shown in Table 8 [21]: 

The equilibrium concentration of vacancies at any temperature can be deter- 
mined by the formula: « = e _Es/KT . The vacancies will make an impact on electrical 
resistivity of the metal. The most sensitive to their presence is electrical resistivity. 
For aluminum the value of electrical resistivity caused by vacancies and interstitial 
atoms is 3.4 x cm/at% [23,24]. 

Supersaturation of the metal by vacancies will make an impact on its mech- 
anical properties. The critical shear stress for the quenched crystals of aluminum 
is approximately five times higher than for annealed crystals. Dislocations are 
the linear crystalline defects around which there is atomic misalignment. Plastic 
deformation corresponds to the motion of dislocations in response to an applied 
shear stress. Edge, screw, and mixed dislocations are possible [22-24]. 

Slip occurs on the most densely packed crystallographic planes and, in those 
planes, along directions having the greatest atomic packing (the slip plane is the 
crystallographic plane along which the dislocation line). For metals with FCC 
crystal structure including aluminum, the slip directions are (llO)-type because 
the shortest vector of a lattice is equal 1/2 of the direction (110). For this crystal 
structure, the slip planes are {11 1 }-type. The magnitude and direction of the lattice 
distortion associated with a dislocation is expressed in terms of a Burger vector. 
The splitting width of a dislocation is determined by the packing defect energy 
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Table 8 Energy of Formation, Migration and Self-Diffusion of 
Vacancies in Aluminum 


Defect 

E f, eV 

E m , eV 

E S d, eV 

Vi 

0.76 

0.65 

1.4 

v 2 

E* = 0.17 

0.50 

- 


V\ = single vacancy (a vacancy which has no other vacancy in its nearest proxi- 
mity); 

V2 = two-vacancy (a pair of two vacancies lying close to one another); 

Ah - the bonding energy of two-vacancies 


T able 9 The Relationship Between the Critical Stress and the Shear Modulus for Aluminum 


Reaction 

300 k 

900 K 

The complete dislocation; homogeneous nucleation 

7.0 

4.6 

Nucleation on the surface dislocation jog* 

4.6 

2.6 

The partial dislocations; homogeneous nucleation 

8.5 

5.8 

Nucleation on the surface dislocation jog 

6.0 

4.8 


* (an offset in the dislocation line, resulting from the intersection of two dislocations, or a step created in the 
dislocation line when a dislocation moves from one slip plane to another) 


between the atoms. The greater the packing defect energy, the less the partial 
dislocations are diverged. For aluminum this value is very high and equals 135 
ergs/cnr 2 [22]. 

Several slip systems may exist for a particular crystal structure. The number of 
independent slip systems represents the different possible combinations of slip planes 
and directions. For aluminum with FCC crystal structure, there are 12 slip systems: 
four unique {111} planes and, within each plane, three independent (110) directions. 

The critical stress a required for noticeable rate of the dislocation nucleus for- 
mation can be represented by the relationship er/G, where G is the shear modulus. 
Table 9 shows this relationship for aluminum. 


3.3 Density 

The theoretical density of aluminum calculated on the translation period of the 
lattice (the minimum distance over which a unit cell must be successively translated 
in any of the directions peculiar to a given crystal system, in order to create a crystal 
lattice) is equal 2.69872 g/cm 3 [25]. Perryman [26] has found that density of alumi- 
num is 2.6984 ± 3 g/cm 3 at 20°C as the mean of 12 determinations. The experimental 
values of for a polycrystalline material are in the limits from 2.6966 to 2.6988 g/cm 3 
and for monocrystals are on 0.34% is higher. The density of the molten aluminum 
with purity 99.996% is shown in Fig. 2 [27]. 

The density the solid and molten aluminum is reduced in accordance with 
increasing of its purity [4,28], Figure 3 shows value of density of aluminum 
depending on purity and the temperature. 
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Figure 2 Density values of the molten aluminum, 99.996% purity, (a) solid, (b) liquid. 


3.4 Thermal Expansion 

Taylor and others in [29] studied the elevated-temperature thermal expansion of 
99.996 Al. Table 10 shows the average expansion coefficients obtained by four dif- 
ferent researchers. Figure 4 presents low-temperature thermal expansion. Figure 
5 shows the instantaneous temperature coefficients of linear expansion from absolute 
zero to 500°C. Figure 6 represents the average coefficients of thermal expansion for 
pure aluminum received by Willey who developed three equations that are useful 
in calculating linear expansion over three temperature ranges [30]: 

L,(— 60 to 100°C) = L 0 [ 1 + C(22.17t + 0.012t 2 )10” 6 ] (1) 

L,(0 to - 200°C) = L 0 [l + C(21.57t + 0.00443t 2 - 0.0001247 3 )10~ 6 ] (2) 

L ,( 0 to 500° C) = L 0 [l + C(22.34? + 0.00997? 2 )10” 6 ] (3) 

Where L 0 is length at 0°F, L, is length at temperature t, °F, within the range 

indicated, and C is alloy constant that equal to 1.0 for pure aluminum. 


3.5 Thermal Conductivity 

Aluminum, having excellent electrical conductivity, is also a good conductor of heat. 
Electrical conductivity of metals, as well as thermal conductivity, is governed by 
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Figure 3 Density values of aluminum depending on purity and the temperature. 


Table 10 Average Coefficient of Thermal Expansion of Aluminum 


Aluminum 
purity, % 

Coefficient of thermal expansion, micro-cm/cm/°C 

20-100°C 

20-200° C 

20-300°C 

20-400°C 

99.997 (31) 

23.9 

24.3 

25.3 

26.5 

99.996 (32) 

23.9 

24.6 

25.4 

26.5 

99.952 (33) 

23.4 

24.5 

25.5 

- 

99.996 (30) 

23.6 

24.6 

25.5 

26.5 


behavior valence (external) electrons. On data [29], thermal conductivity of alumi- 
num at room temperature (293K) is 50 cal/cm 2 /sec/cm/°C. 

Figure 7 shows the low-temperature thermal conductivity of a single crystal of 
99.996 Al. Some values for the thermal conductivity of aluminum from 20°C (68°F) 
to the melting point of 660°C ( 1220°F) have been reported. The best data is obtained 
by calculating the thermal conductivity from room-temperature electrical- 
conductivity data, using one of these equations: 
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Figure 4 Low-temperature linear coefficient of expansion of aluminum [34], 


Thermal conductivity values for pure aluminum calculated from the following 
equations: 

K = 4.65 XT x 1(T 9 + 0.05 [36] 

K = 5.02 XT x 1(T 9 + 0.03 [37] 

K= 5.32T x 1(T 9 + 0.025 [38] 

K = 4. 927’ x 10 -9 + \ .2T x 10 -4 [39] 

Thermal conductivity values for pure aluminum calculated from each of these 
equations are shown in Table 11. 

Figure 8 (top) shows the thermal conductivity from 0 to 900°C; (bottom) from 
0 to -273°C [35]. 

However, thermal conductivity is not completely dependent on the behavior of 
electrons. Inasmuch as the thermal energy of a crystal, above all the energy of 
the atom vibration near to their equilibrium interstitial positions of a lattice, the 
energy can be spread from a point to a point at the expense of interaction of atoms 
with each other. The vibrations of a lattice are described by sound waves 
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Figure 5 Expansion characteristics of extreme-purity aluminum [ 11 ], 


propagation, named phonons [18]. According to this definition the total thermal 
conductivity k t is the sum of the two contributions, or 

k = kp + k e 

where k p and k e represent the lattice vibration and electron thermal conductivity, 
respectively. For metals having good thermal conductivity at room temperature 
k { is 10-100 cal/cm 2 /sec/cm/°C. In metals electron thermal conductivity prevails 
and the value kf is close to 1. 

The thermal conductivity k is impossible to consider as a linear function of the 
temperature [18]. The results of experiments [36,39] show it clearly. For aluminum 
the value k in the interval of temperatures from 120 to 700K changes less than 
on 50%, whereas the electrical conductivity in the same interval of temperatures 
changes on 1300%. 

At elevated temperatures the aluminum thermal conductivity depends on 
purity of the metal and increases with the higher purity. For commercial aluminum 
(99.49% and 99.70% Al) the thermal conductivity at 200° is 209 and 222 Bt/m-K, 
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Figure 6 Average coefficient of linear expansion of extreme-purity aluminum from 20°C to 
temperature t [11]. 


respectively. For electrolytic refined aluminum with purity 99.9% at 190°C thermal 
conductivity increases up to 343 Bt/m-K. The impurities, such as Cu, Mg, and 
Mn in aluminum reduce the thermal conductivity. For example, the addition of 
2% Mn reduces the thermal conductivity from 209 to 126 Bt/m-K [40]. 

At the temperatures >100K, the true thermal conductivity of completely 
annealed aluminum with the extreme purity (99.99%) is not sensitive to the degree 
of purity. At elevated temperatures, sensitivity to purity of a material, controllable 
by electrical resistivity, is displayed [41]. 


3.6 Debye Temperature 

Debye temperature is the temperature, characteristic for a given substance, at which 
the whole spectrum of frequencies of atomic vibrations in the crystal lattice becomes 
narrowed close to its upper limit. The thermal atomic vibrations of the lattice are 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




46 


Sverdlin 



-269 -265 -258 -248 -239 -223 -203 -193 -173 -133 -93 -23 +27 


Temperature,°C 

Figure 7 Thermal conductivity of 99.996 aluminum at low-temperature [35]. 

Table 11 Thermal Conductivity of Pure Aluminum 

Cal/cm 2 /sec/cm/°C 

Temperature, 


°c 

Equation [36] 

Equation [37] 

Equation [38] 

Equation [39] 

Average 

25 

0.57 

0.59 

0.62 

0.59 

0.59 

100 

0.54 

0.56 

0.59 

0.56 

0.56 

200 

0.52 

0.54 

0.56 

0.55 

0.54 

400 

0.50 

0.52 

0.54 

0.55 

0.53 

600 

0.49 

0.50 

0.52 

0.56 

0.52 


qualitatively defined in two temperature areas, determined by a ratio between the 
energy of thermal vibrations of atom and the bonding energy between atoms in 
a solid state. 

In the first area for temporary intervals t < 10~ 13 sec the lattice is not a periodic 
structure. The atoms are shifted about their equilibrium position. However, for t » 
10~ sec a balance of atoms positions occurs. Periodicity of a lattice is displayed. 
It reflects the periodicity of balance arrangement of the separate atoms. 

At low temperatures the bonding energy of atoms is so great in comparison 
with the energy of vibrations that an atom at the displacement from the balance 
position in some direction entraps the adjacent atoms in the same direction. There 
is the coordinated displacement of atoms [18,42]. 
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Figure 8 Thermal conductivity of super-purity aluminum from 0 to 900°C (top). Thermal 
conductivity of extreme-purity aluminum from 0 to — 273°C (bottom). 

Debye temperature defines the temperature at which it is necessary to carry out 
annealing of a monocrystal for residual stress removal. Annealing at a temperature 
close to T m > T d does not improve but worsens a crystal lattice as it results in 
occurrence of vacancies, interstitial atoms, etc. 

Annealing at the temperatures T m < T D thermal vibrations cannot not remove 
residual stresses of a lattice. For pure aluminum this temperature is 375K [18]. 


3.7 Magnetic Susceptibility 

The magnetic permeability of a substance is given by /( = 1 + where K is the 
magnetic susceptibility. If the susceptibility is positive, the material is “para- 
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Figure 9 Magnetic susceptibility of aluminum as a function of temperature and purity [43], 


magnetic” and the permeability is greater than unity. Paramagnetism is a property 
characterizing materials that have a permanent magnetic moment. Because alumi- 
num has an odd number of valence electrons (3), it is paramagnetic. Its magnetic 
susceptibility depends on the temperature [43]. Figure 9 shows the dependence 
of magnetic susceptibility on the temperature and purity of [43]. 

Sleepy [44] showed that for unalloyed aluminum containing small amounts of 
impurities, the effect of strain sensitivity on magnetic susceptibility is negligible 
(99.999% A1 — 0.6276xl0~ 6 per gram; 99.99% Al — 0.6267 xlO -6 per gram). Allo- 
ying of aluminum with the small additives Fe, Mn increases its magnetic sus- 
ceptibility slightly. An introduction of other alloying elements decreases this 
tendency to its reduction [25]. The deformation also promotes decreasing of 
magnetic susceptibility: at 50% deformation of aluminum this characteristic has 
decreased on 5-15%.[25,43,45,46[. 
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Figure 10 Transverse magnetoresistance curves for 99.983 and 99.999 Al. Sample size was 
40 in long, 0.004 in thick, and 0.25 in wide [47]. 


3.8 Transverse Magneto-Resistance 

Because refrigeration of the conductor of an electromagnet can result in over- 
all power savings through reduction in the resistivity of the conductor, data on 
the magneto-resistance are necessary. The use of aluminum in a high-field magnet 
is advantageous because its magneto-resistance tends to saturate at a low value. 
Figure 10 [47] shows the magneto-resistance of 99.9983 and 99.999 Al. These data 
indicate that the magneto-resistance of both aluminum specimens at 20K 
approaches saturation at approximately 20 kgauss. 

3.9 Electrical Properties 

Electrical resistance can be measured by the resistance-ratio test. This test is a very 
sensitive qualitative method of measuring purity of 99.999% and higher. The resist- 
ance of electrons through a sample of high-purity metal, particularly at low 
temperatures, is extremely sensitive to the amount of trace elements present in 
the sample. 
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Figure 11 Elevated-temperature resistivity of aluminum [50]. (1) Ratio of resistivity at t to 
reistivity at 0°C; (2) Resistivity calculated from Pocharsky’s rations, mW-cm. 


Gauthier [48] showed that a volume conductivity for 99.997 A1 of 65.45% (a 
resistivity of 2.6434 /iQ-cm) at 20°C. Taylor’s results of the volume resistivity 
are 2.6548 /(Q-cm (the volume conductivity is 64.94%) [32] for 99.996 A1 at the same 
temperature. Babilon [49] determined that the volume resistivity of 99.993 A1 is 
2.6484 /rQ-cm (the volume conductivity is 65.1%) 

Willey [8] determined that Matthiessen’s law holds for high-purity aluminum 
from 0 to 300°C, and the term 0.0115 /(Q-cm-cm/°C may be used to determine 
the resistivity of pure aluminum over this temperature range. Pochapshky confirmed 
that statement with his results (Fig. 13) [50]. 

The results of the resistivity of molten aluminum are presented in Fig. 12 [51] 
and Fig. 13 shows the resistivity from 0 to 1200°C. 

As the purity of aluminum increases, the electrical resistivity at low tempera- 
ture decreases. At the boiling point of liquid helium, 4.2K, very small changes 
in metal purity cause large changes in resistivity, contrary to the elevated tempera- 
ture behavior (Fig. 14) [52]. 
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Figure 12 Resistivity of molten 99.99 aluminum [16,49], 


Aluminum exhibits superconductivity near absolute zero. Although values for 
the superconducting transition temperature for 1 .14-1 .97K have been reported, data 
or Satterhwaite [53] show the best value for the transition temperature to be 1.1 87K. 


3.10 Electrical Conductivity 

Aluminum, relating to the trivalent metals, is a good conductor. The electron’s 
behavior in aluminum is similar to the behavior of free electrons. Electrical 
resistivity of extreme purity aluminum (99.990%) at room temperature is 
2.65498 xlO -8 Qm or 64.94% of electrical resistivity annealed copper based on 
the international standard [24,41], 

The grain size affects slightly on electrical resistivity of aluminum but its elec- 
trical conductivity after strain hardening in a direction of deformation grows by 
0.5-1. 0% [32], 
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Figure 13 Electrical resistivity of extreme-purity aluminum from 0 to 1200°C [16, 49], 


Electrical conductivity of aluminum strongly depends on a nature and quantity 
of impurities present. According to I. N. Fridlyander [4] impurities having increas- 
ingly negative influence on electrical conductivity can be arranged in the following 
order: Cr, V, Mn, Ti, Mg, Ag, Cu, Zn, Si, Fe, Ni. 

The main impurities in aluminum are Si, Fe, Cu, Zn, and Ti. At the contents of 
Si up to 0.006% the value the ratio Fe/Si (from 0.8 up to 3.8) affects slightly the 
electrical resistivity. But the increasing of the Si content up to 0.15-0.16% will 
change the picture. This ratio will affect drastically. Table 12 shows the character 
of this influence. 

Impurities such as Cr, V, Mn, Ti influence most negatively on electrical 
resistivity of aluminum. Therefore in aluminum, intended for an electrical industry, 
the total amount of Cr + V + Mn + Ti should not exceed 0.015% and even 0.01% 
with the content of silicon accordingly 0.12 and 0.16%. 

The specific electrical resistance of aluminum of commercial purity increases 
164% at the transition from a solid condition into liquid: p s = 1.65xl0 -8 Qm; 
pi = 27.1xl0~ 8 Qm (Figures 13 and 14). For 99.99% purity aluminum 
p s = 10.8 xl0~ 8 Qm; p\ = 26.6x 10 -8 Qm. At temperatures close to the absolute zero 
aluminum has superconductivity[25]. 
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Figure 14 Electrical conductivity R am b/Rt of aluminum of various degree of purity, as 
indicated, annealed for days at 400°C [50]. 


Table 12 Influence of the Fe/Si Ratio on Electrical Resistivity of Aluminum [54] 


Content, % 




A 

cr, Mcm/m 

A 

/xfi-m 

ct, Mcm/m 





Al 

Fe 

Si 

Fe/Si 

cold-worked 

annealed 

99.657 

0.16 

0.15 

1.07 

0.02812 

35.56 

0.02767 

36.14 

99.578 

0.23 

0.16 

1.44 

0.02816 

35.51 

0.02771 

36.09 

99.515 

0.30 

0.15 

2.00 

0.02822 

35.43 

0.02778 

35.99 

99.374 

0.43 

0.16 

2.68 

0.02829 

35.39 

0.02783 

35.93 

99.235 

0.57 

0.16 

3.56 

0.02838 

35.24 

0.02788 

35.86 
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Figure 15 Compressibility of aluminum [57]. 


3.11 Compressibility 

Using a reflected light technique, Doran, Fowles, and Peterson measured the com- 
pressibility of aluminum at pressures between 10 and 130 kilobars. Their results 
(Fig. 15) showed the good agreement with the data received by Bridgman [55,56]. 

Results of Doran and et al. that are presented in Fig. 16 [57] found an excellent 
correlation with other researchers. 


3.12 Optical Properties 

The optical properties of a metal are characterized by the index of refraction, n, and 
the extinction coefficient, k. Scientists from the United States Army Engineering 
Research and Development Laboratory and the U.S. Naval Research Laboratory 
determined the optical properties of evaporated aluminum films. Their results 
are presented in Tables 12, 13 and Fig. 17. 
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Figure 16 Pressure-compression points for aluminum [57]. 


Table 13 Reflectance and Emissivity of Aluminum with Various Surface Treatments [61] 


Surface Treatment 

Reflectance, % 

Emissivity, % at 9.3 /x 

R5 bright dip 

90 

3 

Black paint 

5 

95 

White paint 

90 

92 

Black anodic coatings 

5 

95 

Clear anodic coatings 

80 

35-65 


3.12.1 Spectral Reflectance 

The reflectivity of smooth aluminum surfaces to light is more than 90% for 
wavelengths from 0.9 to 12 /(m [25]. At wavelengths below 0.2 /ml, at which wave- 
length the reflectivity of smooth aluminum surfaces are about 70%. Bennett, Silver, 
and Ashley [60] investigated the reflectance of 99.999 Al. Their results are presented 
in Figs. 18 and 19. 

Highest reflectivity is obtained by vapor deposition, which can produce very 
smooth surfaces. Vapor-deposited films require a minimum thickness of about 
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Figure 17 Optical properties of vacuum-deposited aluminum ( 10 5 to 10~ 6 mm Hg pres- 
sure) [58,59]. (1) Index of refraction, n; (2) Extinction coefficient, k. 


KO 5 cm for maximum reflection. The reflecting poser of an aluminum surface 
decreases with roughness. A sandblasted aluminum surface may exhibit only 15-25% 
of the reflectivity of a polished surface of metal of the same composition. Figure 19 
[46] presents the normal spectral reflectance for various pure aluminum surfaces 
from brightened aluminum to aluminum having a clear oxide coating. Although 
most clear anodic coatings a few tenths of a mil thick reduce the reflectance of 99.99 
A1 only to 80%, they have much greater effect on the emissivity, depending upon the 
electrolyte in which the anodic coating is formed. 

Emissivity of polished aluminum at room temperature is only several percent 
of that of a blackbody [25]. Rough finishes may raise the emissivity to about 20-30%. 
Emissivity increases with temperature to reach values of 15-20% for the liquid state. 
Figure 9 shows the relation between oxide film thickness and emissivity at 100°F for 
anodized films formed in different electrolyses [61]. 

The emissivity of aluminum at 4K ( — 452° F) and 76K ( — 322. 6°F) is 1.1% and 
1.8% respectively. Goldsmith, Waterman and Hirschhorn [62] showed that alumi- 
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Figure 18 Reflectance of freshly prepared and aged vacuum-deposited films (10 9 to 10 10 
mm Hg vacuum). (1) Ultra-high vacuum; (2) High vacuum and aged. 

num heated to 600°C might have emissivity as low as 6%. Moeller and Miething [63] 
showed that the emissivity of molten aluminum to be 12% at 700°C and 17% at 
1000°C. 

3.13 Solidification and Melting 

Solidification of liquid aluminum begins at 660.37°C [25]. The process of 
solidification of the liquid metal usually begins at separate points. In a volume 
of the metal they located chaotically. The arrangement of atoms in the small volumes 
of the melt is similar to their arrangement in a crystal lattice [17]. In particular, the 
coordination numbers of the first sphere are found. The essential distinction lies 
in the fact that the mobility of atoms in a liquid state much more than in solid one. 
In a molten metal there are the separate areas both with smaller, and with larger 
coordination numbers. In a certain moment there are the areas with the coordination 
number similar to a solid crystal. In aluminum this number is equal to 12. The stab- 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




58 


Sverdlin 



OK O.t O.I 0.4 DG 1 1 4 6 10 70 40 

Wavelength, jim 

Figure 19 Spectral reflectance of aluminum [41], 


Table 14 The Coordination Numbers in the Melt and the Crystal of Aluminum 
at the Temperature of 700°C 


The interatomic distance d and the coordination number k 

Liquid state 


Crystal 

The first area d, 


The first area d, 

A 

k 

A k 

2.96 

10-11 

2.86 12 


ility of such an area depends on their size. Under certain conditions they can become 
a nucleus of crystallization. In other words, if the size of a nucleus is less than the 
critical radius r k , there will occur its spontaneous disintegration. If the size of a 
nucleus is larger than r k growth will take place. The value of i\, at which nucleus 
is growing, should be about 10 atomic diameters. Aluminum has an atomic diameter 
is 2.86A so the size of a nucleus should be equal or exceed the value 2.86A [17]. Table 
14 shows the coordination numbers in the melt and the crystal of aluminum [17]. 

Melting of aluminum with purity of 99.996% occurs at the temperature of 
933.4°C [18], At the melting point there is a step change of many properties of 
the metal such as density, electrical resistivity, deformability, and others (Table 15). 

Above the melting temperature the crystal lattice can remain “mechanically” 
stable. In aluminum an interval overheating (stability of a lattice) is up to 5°C. 
The melting point depends on purity of aluminum [4,64], Table 16 shows the 
relationship between the purity of aluminum and its melting point. 
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Table 15 Relative Changes of Volume, Entropy, Electrical Resistivity at 
Melting Point 

Metal 

AV / Y, 0 / 

AS/R 

Plio / Psol 

Aluminum (Al) 

5.4 

1.1 

1.9 

Table 16 Relationship Between the Purity of Aluminum and its 


Melting Point 




Degree of purity, % 

99.2 

99.5 


The melting point, °C 

657 

658 




Figure 20 Relationship between the melting point of aluminum and the applied pressure. 

The specific heat of melting for pure aluminum is 2.56 ± 0.05 kkalxmol (397 
Jxg' 1 ) [65]. The melting temperature grows with increasing of pressure. Figure 
20 represents the change of the melting temperature at normal pressure depending 
on applied pressure. It is expressed by a derivative of dT mp with respect to dP , 
10~ 2o C/MPa (dT mp dP = 6.41 [66]. 
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Figure 21 (a) Natural oxide layer on super purity aluminum; (b) Corrosion of 99.5% 

aluminum covered with a natural oxide layer, in an aggressive solution. 


4 CORROSION PROPERTIES 

Corrosion is one of the main reasons for failure of the engineering materials in 
service. Pure aluminum resists corrosion better than commercial one. That is 
why it is used for cladding alloys. Aluminum has a resistance to corrosion in some 
common environments, including the ambient atmosphere. It has been associated 
with the presence a continuous oxide film on its surface [67]. The standard electrode 
potential of aluminum is less than the majority of aluminum alloys. Therefore 
protecting aluminum by forming a protecting cathodic layer. In air at the room 
temperature this film on a surface of aluminum will be formed in 10~ 4 sec [68]. This 
film prevents further deterioration of the metal. Its thickness in usual conditions 
is 5-20 nm. The molecule volume of the oxide is almost in 1.3 times more than vol- 
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ume of aluminum participating in the oxidation reaction. The thickness of a film is 
increased in presence the water vapor. At the elevated temperatures the film has 
the complex structure. 

A role of a protective film on a surface of aluminum reflects specifity of its 
behavior but do not explain its interaction with various environments (Figs. 21 
and 22) [69]. Aluminum and its alloys are sensitive to various kinds of local corrosion 
under the stressed and unstressed conditions. 

The following are lists of chemicals where there is considerable resistance to 
corrosion (Table 17) and where aluminum has poor corrosion resistance (Table 
18) [70], 

The standard electrode potential of aluminum (value of the equilibrium 
reversible potential at activity of ions of aluminum equal 1.0) is 1.663 V with respect 


Table 17 Aluminum Has Good Resistance Toward these Chemicals 


Acetic acid 

Chlorides of Sodium, Milk Products 

Potassium and Magnesium 

Sulfites 

Acetone 

Detergents 

Molasses 

Sulfur 

Acetylene 

Emulsifier 

Naphtha and 
Naphthalene 

Sulfur Dioxide both 
dry and wet 

Alum 

Essential Oils 

Nitric Acid Strong 

Tannic acid Dilute 

Ammonia 

Fatty acids 

Oxalic acid 

Tartaric acid 

Ammonium Chloride 

Fluorine (Dry) 

Phenol 

Vegetable Oils 

Aniline and its 
compounds 

Fruit juices 

Seawater 

Vinegar 

Brine (Saturated) 

Glycerin 

Silicic acid 

Water 

Calcium Chloride 

Hydrocyanic acid 

Sodium Silicate 

Yeast 

Carbon Disulfide 

Lactic acids 

Starch 


Carbonic acid 

Maleic acid 

Sugar, Syrups, etc. 


Chlorine (Dry) 

Meat juice 

Sulfates of Sodium, 
Potassium and 
Magnesium 



Table 18 Aluminum Cannot Resist Action of the Following Chemicals 

Calcium Hypochlorite 
Caustic Soda 
Caustic Potash 
Chlorine (Wet) 
Copper Salts 

Fluorine (Wet) 
Hydrochloric acid 
Hydrobromic acid 
Hydrofluoric acid 
Hydrogen Peroxide 

Mercuric Chloride 
Nickel Salts 
Nitric acid dilute 
Phosphoric acid 
Sodium Hypochloride 

Sodium Sulphite 
Sulfur Trioxide 
Sulfuric acid 
Zinc Chloride 
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to the normal hydrogen electrode [68,71]. Therefore, in “the order of voltage” alumi- 
num is located in more negative area than Cu, Cr, and Fe. This metal is increasingly 
active. 

From the diagram it is worth noting that aluminum having rather negative 
values of electrode potential should not be destroyed in water, i.e. it is in the field 
of immunity in the form of a neutral material. However, as a result of reduction 
of water there is a process of increasing of alkalinity of the electrolyte. This shifts 
into the area of solubility aluminate-ions in water [72]. 

Dissolving of compact aluminum in sour solutions proceeds on reaction 

Al^Al 3 + 3e 

According to this reaction equilibrium electrode potential [35]: 
cp p = -1.663 + 0.0197 

Electrode potentials of allocation of hydrogen and oxygen 


<p o2 = 1.23 - 0, 059pH + 0.01471gP o , 
<p H2 = — 0.059pH - 0.02951gP H 


Aluminum electrodes are highly irreversible in aqueous solutions containing alumi- 
num ions [3]. Measured potentials of aluminum in highly basic solutions, such 
as aqueous sodium hydroxide, are anodic to those measured in acid solutions, as 
would be predicted by the Nernst equation. Figure 22 [73] illustrates the solution 
potential of 99.999 A1 in a 4% NaCl solution as pH varies from 1 to 11. 

Table 19 shows that the potential of high-purity aluminum varies considerably 
in different types of electrolytes, as does that of several other pure metals. In most 
electrolytes, aluminum is cathodic to magnesium and zinc and anodic to iron 
and copper [5], 

The transition from area of solubility of trivalent ions of aluminum into passive 
area according to the diagram of electrochemical balance corresponds to formation 
of aluminum oxide from a liquid phase. At normal conditions in water at tempera- 
ture not higher than 60°C amorphous hydrated aluminum oxide Al(OH )3 will be 
formed on a surface in passive area [68]. At the same temperatures crystal trihydrate 
of aluminum bayerite-oxide with a monoclinic lattice will be formed. According to 
[74] under normal conditions the aluminum oxide film is formed. The first layer with 
the thickness no more than 10 nm consists of the amorphous aluminum oxide. The 
second layer is composite and consists of bayerite and bemite with an orthorhombic 
crystal lattice. The thickness of a layer depends on the character of environment and 
the duration of endurance. At temperatures 60-80°C and high a monohydrate 
oxide-boehmite will be formed on the surface of aluminum. 

The most stable form of oxide is hydrargillite (gibbsite), which is trihydrate as 
well as bayerite but has the different crystal lattice. Hydrargillite (gibbsite) will 
not be practically formed on a surface of aluminum. As at elevated temperatures 
on the surface of aluminum boehmite is formed so it is possible to consider that 
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Figure 22 Solution potential at room temperature with changing pH, of extreme-purity 
aluminum in 4% NaCl solution [53]. 


Table 19 Potentials of Metals in Several Solutions [73] 

Potential, 0.1N calomel scale 


Solution 

Mg 

A1 

Zn 

Fe 

Cu 

1M NaCl 

- 1.72 

-0.86 

- 1.15 

-0.72 

-0.35 

1M Na 2 S0 4 

- 1.75 

-0.50 

- 1.19 

-0.76 

-0.14 

1M Na 2 Cr0 4 

-0.96 

-0.71 

-0.67 

-0.16 

-0.13 

1M HC1 

- 1.63 

-0.80 

- 1.14 

-0.66 

-0.20 

1M HN0 3 

- 1.49 

-0.49 

- 1.06 

-0.58 

-0.12 

1M NaOH 

- 1.47 

- 1.50 

- 1.51 

-0.22 

-0.35 

1M NH4OH 

- 1.43 

-0.80 

- 1.50 

-0.18 

-0.53 


the corrosion resistance in real water environments will be characterized by the dia- 
gram constructed for boehmite. The formation of oxide from the state occurs accord- 
ing to the reaction: 

2A1 3+ + 4H 2 0 = A1 2 0 3 x H 2 0 + 6H+ 
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The formula calculated for this reaction can be presented as: 
pH = 2.67 - 0.33 lga+3 

From the formula it is apparent that at activity «ai 3 + = 1 pH value is 2.67. At this 
pH, a transition into the passive region occurs. At decreasing activity, the boundary 
of absolute value of hydrogen electrode grows. For the normal atmospheric con- 
ditions it is possible to accept activity close to 10~ 6 . 

Solution of boehmite in alkaline area is defined by the reaction: 

A1 2 0 3 x H 2 0 + (H 2 0) <+ 2A107 + 2H+2H+ + (H 2 0) 

The arrangement of the boundary ordinates on the diagram determined by the 
equation: 


pH = 12.3 — lg« AL02 

The meanings of the hydrogen parameter will depend on the activity: 

pH = 12.3 at «aio 2— = 1 and pH = 6.3 at «aio 2 = 10" 6 

In passive area boehmite can be formed by the direct oxidation of compact 
aluminum: 

2A1 + 4H 2 0 +> A1 2 0 3 x H 2 0 + 6H+ + 6e 

In alkaline environments aluminum as well as oxides are dissolved with for- 
mation of aluminate-ions: 

Al + 2 H 2 Oo AlO 2 - + AH + + 3c 

The calculated equation: Q= — 1.26 + 0.0197 lg «Xio2~ 0-0788 pH. 

It defines an arrangement of a series of inclines on the diagram at various values of 
aluminate-ions activity. These inclines divide areas of insolubility and solubility 
of aluminates. On the diagram there is the vertical line at pH = 5.07. It is a border 
of existence Al 3+ and AlO 2- . The location of this line on the diagram is calculated 
from the conditions of the floating balance: 

Al 3+ + 2H 2 0 <+ AlO 2- + 4H+ 
lg [AIO7 ]/[Al 3+ ] = -20.30 + 4 pH 

The diagrams of electrochemical balance establish the corrosion conditions of 
aluminum and its alloys in the plain water environments. They can be used at devel- 
opment of the optimum parameters for some processes. 

There is the opportunity of “disruption” the oxide film on a surface of 
aluminum. It is associated with the formation in a barrier layer of narrow channels 
with increased ionic conductivity [72], It is achieved at a certain energy level of 
a surface. The absorption of certain anions, first of all halide anions, lowers the 
level of energy necessary for displaying of this effect. 
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Increased corrosion or disruption of the oxide film a consequence of introduc- 
tion into a film of certain elements at alloying of the metal [75], For example, 
the introduction of tin into a film increases it ionic conductivity. It increases the 
rate of solution of aluminum. 

Pitting is the most common form of very localized corrosion attack in alumi- 
num in which small pits or holes form. The disruption of the oxide film causes this 
form of corrosion. Thus the significant part of a surface is in a passive condition. 
The formation of the pits themselves is strongly accelerated by the addition of 
oxidizers. It especially occurs in solutions containing chloride and phosphate ions, 
the oxidizers exert the greater influence in acid environments than in alkaline. 
The most effective oxidizers are hydrogen peroxide and free chlorine (chlorinade 
water or calcium hypochlorite and to a smaller degree are sodium chlorate and nitric 
acid). In the formed pit, dissolution of the metal occurs intensively. The meaning of 
corrosion potential depends on purity of the metal. The literature indicates [72] that 
the probability of occurrence of corrosion pits decreases on aluminum with purity 
of 99.99%. 

The corrosion resistance of electrolytic purified (refined) aluminum (99.99% 
Al) in 3-15 times is higher than for commercial purity aluminum. The corrosion 
rate of aluminum of various purity characterized by weight losses or volume of 
hydrogen escaping from the surface unit in 5% HC1 solution is shown in Fig. 23. 



Figure 23 Weight losses and the hydrogen content in aluminum of various purity. (1) Mass 
loss, g,m 2 *h; (2) Hydrogen content, I, m 2 *h. 
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For aluminum with purity 99.99% and higher the rate of corrosion mainly 
depends on the copper content. So an aluminum sheet (copper content higher than 
2x 10~ 3 %), with thickness of 1.5 mm, in 20% HC1 acid during 1 week corroded com- 
pletely through; in the same conditions aluminum with 0.9 — 3 x 10~ 4 %Cu completely 
corroded through after two weeks only. The corrosion resistance of aluminum 
decreases with the Fe content. Aluminum with the Fe content no more than 0.003% 
corrodes with the rate of 0.10-0.157g/(m 2 xh). 

Titanium does not have appreciable influence to corrosion resistance of alumi- 
num in 5% F1C1 solution. Beryllium (Be) in amount of 0.05-0.5% reduces slightly 
corrosion resistance of aluminum of commercial purity. At addition of 0.14-0.19% 
Nb reduces the corrosion resistance considerably. 

The small additives of Gallium and Rhenium negatively influence on corrosion 
resistance. For aluminum A7 containing 0.5% Ga, the rate of corrosion reaches 120 
g/m 2 x h). For aluminum containing 0.3% Re the rate is 250 g/m 2 xh) [4]. 

Aluminum is not resistant to corrosion in many mineral acids, except for acids 
with strong oxidizing properties. But the action of such acids depends on their con- 
centration: diluted F 1 N 03 is rather aggressive environment for aluminum, but after 
achievement of the concentration of 80% the rate of solution does not exceed 
0.1 mm/year [76], The acid at concentration more than 98% is not active in relation 
to aluminum. In diluted H 2 SO 4 (from 1% up to 20%) all grades aluminum including 
high purity, have low resistance to corrosion even at room temperature. 

Hydrogen halide acids react with aluminum and they are not used in contact 
with aluminum and its alloys. In organic acids the aluminum is destroyed very 
slowly, with the exception of formic acid, oxalic acid and some chlorine-containing 
acids. Glacial acetic acid does not have an appreciable effect on aluminum but 
the rate of corrosion grows at low concentrations. 

The alkalis are usually aggressive in relation to aluminum. At the same time 
aluminum is resistant to ammonium hydroxide even at pH13. Such salts as 
chromates, bichromates, silicate, and borates have appreciable inhibiting action 
and can be used for the protection of aluminum against corrosion in water systems 
with a closed cycle. 

Aluminum has very high resistance in relation to concentrated hydrogen 
peroxide. It is characterized by good resistance to many organic compounds includ- 
ing acetaldehyde, formaldehyde, and tetrachloride glycerin and also has good resist- 
ance to petroleum products [76,77]. 


5 MECHANICAL PROPERTIES 

The mechanical properties of aluminum depend not only upon purity and applied 
heat treatment. The influence of purity is shown in Fig. 24 [11]. Figure 25 shows 
the effect of purity on strength and hardness of unalloyed aluminum and Fig. 
26 typical tensile properties of alloy 1199 (99.9 wt% Al). 

The elastic properties for extremely pure aluminum are: E = 69-72 GPa, 
G = 25-26.5 GPa, v = 0.31 [54]. Figures 27-29 show mechanical properties of alumi- 
num at various temperatures and applied cold work. 

Figure 30 shows relationship between mechanical properties of commercial 
aluminum and cold work applied. (E = 70-72.5 G; = 27-28 GPa; (v = 0.31-0.33 (for 
thin clad sheets E = 68.5-70 GPa) [78]. 
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Figure 24 Mechanical properties of annealed aluminum of various purities [11]. (1) Tensile 
strength, t/ in 2 ; (2) Brinell hardness. 
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Figure 26 Typical tensile properties of 1 199 aluminum: (1) Tensile strength (TS), MPa; (2) 
Yield strength (YS), MPa; (3) Elongation, %. 



15-20 MPa ^ 

annealed 40 70 90 Amount of 


cold work, % 

Figure 27 Mechanical properties of aluminum (99.50%) depending on cold work [41]. (1) 
Tensile strength, MPa; (2) Yield strength, MPa; (3) Elongation, %. 


The mechanical properties of pure aluminum, as well as other metals, depend 
on the temperature of the test. Mechanical properties such as resistance to plastic 
deformation (tensile strength, yield strength), resistance to the penetration 
(hardness), as well as impact are the most sensitive to the temperature. The elastic 
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Figure 28 Mechanical properties of aluminum (99.50%) at elevated temperatures. [41]. (1) 
Tensile strength, MPa; (2) Yield strength, MPa; (3) Elongation, %. 



27 -103 -163 -196 -233 -253 -269 -272 

Temperature, °C 


Figure 29 Mechanical properties of different degree of purity aluminum at various 
temperatures: (1) Purity 99.5%; (2) Purity 99.99%; (3) Purity 99.997%. 
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hardening 

TS, MPa YS, MPa g ( o/ 0 V)y % HB, MPa 

Figure 30 Mechanical properties of commercially aluminum (rods, sheets) for different 
heat treatment condition (annealed, strain hardening). 



Figure 31 Mechanical properties of annealed aluminum of 99.3% purity at elevated tem- 
peratures [78,79], (1) Tensile strength, MPa; (2) Yield strength, MPa; (3) Elongation, %. 

properties of metals and alloys change with the temperature in a smaller degree. The 
mechanical properties of aluminum at low temperatures and elevated temperatures 
are shown in Fig. 29 and 31. 

Pure aluminum is a non-heat-treatable alloy. There are the various grades of 
pure aluminum in which the strength is developed largely by strain hardening from 
the basic annealed temper. A high grade of pure aluminum that became available 
early in this century was utilized for electrical conductors. This wrought material 
is known as EC (electrical conductor) metal, has a minimum aluminum content 
of 99.45%. Pure aluminum of this grade is also used for foil and is designated 1145 
alloy. The various grades of pure aluminum used commercially have distinctly higher 
strength in the annealed condition, and stable properties are developed in the various 
strain-hardened tempers (Table 20). 

Hardness of aluminum as function of purity is shown in Fig. 32. 
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Table 20 Typical Mechanical Properties of Commercially Pure Aluminum 


Alloy 

Temper 

TS, psi 

YS*, psi 

%EL, 
in 2 in. 

HB,** 

Shear 

strength, 

psi 

Fatigue 

limit*** 

1199 

O 

6500 

1500 

50 

_ 

_ 

_ 


H18 

17000 

16000 

5 

- 

- 

- 

1180 

O 

9000 

3000 

45 

- 

- 

- 


H18 

18000 

17000 

5 

- 

- 

- 

1060 

O 

10000 

4000 

43 

19 

7000 

3000 


H14 

14000 

13000 

12 

26 

9000 

5000 


H18 

19000 

18000 

6 

35 

11000 

6500 

EC 

O 

12000 

4000 

23 **** 

- 

8000 

- 


H14 

16000 

14000 

- 

- 

10000 

- 


H19 

27000 

24000 

2 3 **** 

- 

15000 

- 

1145 

O 

11000 

5000 

40 


8000 



H18 

21000 

17000 

5 


12000 


1100 

O 

13000 

5000 

35 

23 

9000 

5000 


H14 

18000 

17000 

9 

32 

11000 

7000 


H18 

24000 

22000 

5 

44 

13000 

9000 


*Yield strength, 0.2% offset, **500-kg load, 10-mm ball, 30 sec, *** Based on 5000 million cycles using an 
R.R. Moore-type rotating-beam machine, **** Elongation in 10 in. 



■YS ^I^TS Hard ness 


Figure 32 Hardness and strength of aluminum as functions or purity. 
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Fatigue is a form of failure that occurs in structures subjected to dynamic and 
fluctuating stresses. There is a limiting stress level called the fatigue limit. The fatigue 
limit is the maximum stress amplitude level below which a material can endure an 
essentially infinite number of stress cycles and not fail. Most nonferrous alloys such 
as aluminum, copper, magnesium, do not have a fatigue limit, in that the S-N curve 
continues its downward trend at increasingly greater N values (where S is stress 
amplitude and N is the number of cycles to fatigue failure). 

The fatigue behaviors may be classified into two domains. One is associated 
with relatively high loads that produce not only elastic strain but also some plastic 
strain during each cycle. Consequently, fatigue lives are relatively short; this domain 
is termed low-cycle fatigue (frequency f— 0.1-5 hertz) and occurs at less than about 
N = 10 4 -10 5 cycles. For lower stress levels wherein deformations are totally elastic, 
longer lives result. This is called high-cycle fatigue (frequency f— 20-50 hertz) 
inasmuch as relatively large numbers of cycles are required to produce fatigue failure 
N = 10 7 cycles [79], 

Damage or fatigue failure at high-cycle area occurs basically at elastic and in 
low-cycle area at elastic-plastic deformation. The endurance characteristics depend 
on the shape and size of a specimen but also types and frequency of loading. Resist- 
ance to fatigue decreases with increasing load frequency and increasing the absolute 
sizes of a specimen. The endurance of metals depends on a surface finish. It has been 
observed that fatigue life is especially sensitive to the condition and configuration of 
the component surface. Improving the surface finish by polishing will enhance 
fatigue life significantly. Like all other metals, when subjected to repeated loading 
aluminum alloys will fail by fatigue at a lower stress than they can withstand when 
loaded statically. For a rough estimation of the endurance limits for aluminum 
is possible to use the following ratio: an endurance limit at tension-compression 
(cr_i' = (0.85— 0.95 )«t_i; at torsion t_i = (0.55-0.65 ) cr_i . The endurance limit of com- 
mercial purity aluminum at axial (tension-compression), (flexural) bending loading 
on the basis of 2xl0 7 cycles depends on preliminary heat treating. Table 21 shows 
the results of this test [78]. 


5.1 The Failure Characteristics 

Unlike steel specimens, the impact test with a notch for aluminum and its alloys does 
not have a great deal of importance because aluminum and its alloys do not have a 
sharp ductile-to-brittle transition temperature. Aluminum having FCC crystal struc- 
ture remain ductile even at extremely low temperatures [4]; 


Table 21 Results of Fatigue Test of Commercial Purity Aluminum 


Semi-product, heat treatment 

a*, MPa 

<r_ i, MPa 

Sheet, annealed 

80 

35 

Sheet, strain hardening 

150 

50 
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To determine the characteristics of failure of aluminum and its alloys at dif- 
ferent conditions. The test can be applied. The determined energy of crack propa- 
gation is the total energy required for the crack propagation referring to the 
final cross-sectional area of a specimen. Compared to the meanings of impact tests, 
the cracking energy is the best combination of toughness with ductility that charac- 
terized the resistance of a material to the crack propagation in a field of the elastic 
deformation. The tear test can be applied to aluminum and its alloys despite their 
high ductility. 

The specifics of the crack initiation at the failure of aluminum of the grade A99 
containing no more than 0.01% of an impurity is described in [80]. The failure of the 
majority of pure metals under tension is preceded by the necking. The voids occur 
which link and form the crack. These cracks result the specimen’s failure. The 
characteristics of pure aluminum are the necking process, which is not followed 
by the porosity formation. The cracks are initiated and propagate in the planes 
of intensive deformation. 

At the room temperature crack are not observed in pure aluminum until close 
to specimen failure. The irregularity the crystal orientation of in polycrystalline 
aluminum creates inhomogenity of the deformation. Increasing the temperature 
up to 300° C does not show the micro crack initiation up to the deformation of 
50-70%. At the elevated temperatures a deformation proceeds also non-uniformly: 
alongside with the areas having local tension deformation of about 7-8% are 
observed areas with compression up to 5-8%. 

At 20°C areas with increased and lowered local deformation are not 
rearranged. These areas are the centers of the sensitivity to damage. Rearrangement 
occurs at elevated temperatures above 300°C. 

In this case the centers of the sensitivity to damage will be formed at the later 
stage of deformation. So, at the temperature of 300°C the localization of 
deformation in the separate micro centers is found out at s > 10-15%, whereas 
at 20°C e < 1-2%. Therefore, at room temperature the centers of failure will be 
formed at initial stages of deformation at elevated temperatures, but at later stages 
(deformation more than 10-15%). Submicroscopic cracks initiate inside grains at 
location of crossing slop planes. The average deformation at which their initiation 
begins grows with increase of the temperature. In all investigated cases, the failure 
is transcrystalline. 


6 HYDROGEN SOLUBILITY IN ALUMINUM 

With nitrogen aluminum creates an aluminum nitrate AIN at 700°C. The reaction is 
very intensive at 830°C. Aluminum nitrite hydrolyzes easily in the presence of water 
in the following reaction. 

AIN + 3H 2 0 =>• Al(OH) 3 + NH 3 

But hydrogen is the only gas to be soluble in both solid and molten aluminum. 
Ransley and Neufeld [81], Opie and Grant [82], and Eichenauer, Hattenbach, 
and Pebler [83] developed equations to determine the solubility of hydrogen in 
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molten aluminum (Fig. 33). Table 22 compares the results of those calculations. 

Log S = 2.796 — (2760/T) (molten aluminum) [81] 

Log S = 0.788 — (2080/T) (solid aluminum) [81] 

Log S = 2.620 — (2550/T) (molten aluminum) [82] 



Figure 33 Solubility of Hydrogen in molten aluminum with 1 atm of hydrogen over the 
melt [81-83]: (1) [81]; (2) [82]; (3) [83], 


Table 22 Chemical Composition Limits of Wrought Aluminum Alloys 


AA 

Designation Si 

Fe 

Cu 

Mn 

Mg 

Zn 

Ti 

Others 

Aluminum, 

min 

EC 

_ 

_ 

_ 

_ 


_ 


_ 

99.45 

1050 

0.25 

0.40 

0.05 

0.05 

0.05 

0.05 

0.03 

0.03 

99.50 

1060 

0.25 

0.35 

0.05 

0.03 

0.03 

0.05 

0.03 

0.03 

99.60 

1100 

1.0 S 

+ Fe 

0.05-0.20 

0.05 

- 

- 

- 

0.05 

99.00 

1145 

0.55 S 

+ Fe 

0.05 

0.05 

- 

- 

- 

0.03 

99.45 

1175 

0.15 S 

+ Fe 

0.10 

- 

- 

- 

- 

0.02 

99.75 

1230 

0.70 Si 

+ Fe 

0.10 

0.05 

- 

0.10 

- 

0.05 

99.30 

1235 

0.65 Si 

+ Fe 

0.05 

- 

- 

- 

- 

0.05 

99.35 
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Figure 34 The solubility of hydrogen in solid aluminum [54,81,83]: (1) [81]; (2) [83]; (3) [54], 


Log S = 2.969 — (3086/T) (molten aluminum) [83] 

Log S = 1.961 - (3042/T) (solid aluminum) [83] 

where S is the solubility of hydrogen in cm 3 per 100 g of metal and T is temperature in 
K. 

Figure 34 shows the solubility of hydrogen in solid aluminum. During melting, 
hydrogen can be introduced into molten aluminum from the following sources: from 
gas entrapped on the oxide film of the solid before melting, from reaction of alumi- 
num with moisture that is in the atmosphere over the melt, or from reaction with 
moisture in the refractory containing the melt. 


7 TYPICAL CHARACTERISTICS AND APPLICATIONS 

The first wrought aluminum alloy has been produced in the USA in 1888. This alloy 
was designated as 1 100 alloy. The various grades of pure metal were utilized directly 
as wrought products for specific applications in the early development of the 
industry. For instance the alloy EC (electrical conductor) had a minimum aluminum 
content of 99.45%. 1 145 aluminum alloys is used for foil production. Chemical com- 
position of some aluminum alloys is shown in Table 22 [84] and typical character- 
istics and applications in Table 23 [5] 
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An important application of pure aluminum is as cladding, to improve resist- 
ance to corrosion of heat treatable alloys or to improve finishing characteristics 
of non-heat-treatable alloys. 
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1 PHYSICAL METALLURGY OF ALUMINUM ALLOYS 
1.1 Introduction 


Aluminum, like all pure metals, has a low strength, and cannot be readily used in 
applications where resistance to deformation and fracture is essential. Therefore 
other elements are added to aluminum, primarily to improve strength. Typical 
tensile strengths range from 45 MPa (6.5 ksi) for 1199-0 sheet to almost 700 
MPa (100 ksi) for 7055-T77 extruded products. The low density combined with high 
strength have made aluminum alloys attractive in applications where specific 
strength (strength-to-density ratio) is a major design consideration. For structural 
use, the strongest alloy which meets minimum requirements for other properties 
such as corrosion resistance, ductility, toughness, etc., is usually selected if it is cost 
effective. Hence, composition is first selected for strength. 

The properties of aluminum alloys depend on a complex interaction of chemi- 
cal composition and microstructural features developed during solidification, 
thermal treatments, and (for wrought products) deformation processing. Although 
pure aluminum is very resistant to corrosion because of the presence of a film of 


* Retired. 
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aluminum oxide, corrosion resistance generally decreases with increasing alloy con- 
tent, so tempers have been developed to improve the corrosion resistance of the 
highly alloyed materials. 

Although the low strength of pure aluminum limits its usefulness, aluminum 
has a theoretical shear strength of between 0.9 and 2.62 GPa [1,2], depending 
on whether the displacement of atoms follow a straight or a zig zag path. The sig- 
nificant difference between the strengths of commercial alloys and theoretical 
strength is due to the presence of lattice defects, mainly dislocations. Therefore 
all strengthening mechanisms in commercial alloys are aimed at limiting the move- 
ment of dislocations. 

1.2 Lattice Defects and Strengthening Mechanisms in Aluminum 

1.2.1 Point Defects 

If an aluminum atom is removed from the lattice, a vacancy is formed. A vacancy 
contracts the site diameter by approximately 20%. If an atom is replaced in an 
interstitial position, a so-called Frenkel defect is formed. Since the diameter of 
an aluminum atom is 2.86 A, and that of the interstices is 1.17 A, there are very 
few Frenkel defects in aluminum alloys [3]. Vacancies favor the progress of diffusion 
at free surfaces or dislocations. Because vacancies have strain energy (due to con- 
traction) as well as surface energy, they are attracted to regions of strain in the 
lattice, e.g. to solute atoms of different size from solvent atoms, and dislocations. 
Point defects are illustrated in Fig. 1 [4], 

1.2.2 Dislocations 

Dislocations are line defects in crystals, and contribute to the deformation of the 
crystal by getting activated at a much lower stress than required to deform a perfect 



Figure 1 Lattice defects in crystals [4]: (a) vacancy; (b) solute atom; (c) interstitial; (d) 
dislocation; and (e) grain boundary. (Courtesy of TMS and the Aluminum Association). 
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Figure 2 Two distinct dislocation types [4]; (a) edge; and (b) screw. Generally all 
dislocations have screw and edge components. (Courtesy of TMS and the Aluminum 
Association). 

crystal. There are essentially two types of dislocations; edge and screw. An edge 
dislocation can be interpreted as an extra half-plane of atoms in the lattice, as 
depicted in Fig. 2(a) A screw dislocation is harder to visualize, and cannot be inter- 
preted as an extra plane of atoms. A screw dislocation is depicted in Fig. 2(b). 
In general, almost all dislocations have edge and screw components. A dislocation 
is characterized by the magnitude and direction of the slip movement associated 
with it, which is called the Burgers vector, b, and the difference in the amount 
of slip across the dislocation line is constant. The magnitude of Burgers vector 
in aluminum is 0.286 nm. Further discussion on dislocations can be found in classical 
references, such as 5-7. 

An important difference between the motion of a screw dislocation and that of 
an edge dislocation is due to the cylindrical symmetry of a screw dislocation about its 
axis. To a screw dislocation all the directions around its axis look the same, and 
therefore, the motion of the screw dislocation is not restricted to a single slip plane, 
as in the case of a gliding edge dislocation. The process whereby a screw dislocation 
glides into another slip plane having a slip direction in common with the original 
slip plane is called cross-slip. 

The glide motion of an edge dislocation is restricted, since it can only glide in 
that slip plane which contains both the dislocation line and its Burgers vector. 
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Figure 3 A jog in a dislocation. 


However, movement of the dislocation line in a direction normal to the slip plane can 
occur under certain conditions. If vacancies diffuse to the dislocation line, it climbs 
up and the extra half-plane will shorten. This process is called dislocation climb, 
and requires mass transport by diffusion. However, since the vacancies will not 
arrive at the dislocation at the same instant, or uniformly, the dislocation climbs 
one atom at a time. Moreover, the dislocation will not lie in a particular slip plane, 
but instead some sections will lie in one plane and other sections in parallel 
neighboring planes. Where the dislocation jumps from one plane to another is known 
as a jog, which can be interpreted as a short length of dislocation not lying in the 
same slip plane as the main dislocation but having the same Burgers vector, as 
depicted in Fig. 3. 

A jog in an edge dislocation will not impede the motion of the dislocation in its 
slip plane since it can generally glide with the main dislocation line. A jog in a screw 
dislocation is merely a small piece of edge dislocation, and can move in two ways; 
(i) it may move sideways along the screw dislocation and attach itself to an edge 
component of the dislocation line; or (ii) may be dragged along with the screw dis- 
location. This second process requires the jog to climb, and creates a row of point 
defects. Such a movement is difficult but necessary to give the dislocation sufficient 
mobility [8]. 


1.2.3 Stacking Faults 

In face-centered cubic (fee) metals like aluminum, dislocations are unstable, and split 
into partial dislocations by creating a faulted region between the two partials, as 
shown in Fig. 4, to lower the elastic energy of the crystal. In aluminum, the atoms 
on the atomic planes on either side of the fault plane find themselves surrounded 
by near neighbor atoms in hexagonal close packing (hep) environment. The equi- 
librium distance between the dislocation pairs is expressed by [5], 


L ± = 


G M b 2 
2ny 


( 1 ) 
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Figure 4 Stacking fault in an fee crystal created when dislocations become unstable and 
split into two partial dislocations. Atoms on both sides of the fault find themselves in an 
hep environment. [Source Ref. 9], 


Gai is 23 GPa [1], and aluminum has a high stacking fault energy (y A i = 200 mJ/m 2 
[1,8]. L x is only about 1 to 2 atoms diameters in aluminum [8] so that dislocations 
are relatively unextended. However alloying additions decrease stacking fault energy 
of aluminum [10], and consequently increase La. Also the width of the stacking fault 
may differ from L± for a particular alloy concentration because of applied or 
internal stresses [11]. If dislocations are piled up against an obstacle, their width 
may be considerably reduced. L ± is also important to the phenomenon of cross-slip 
in which a dislocation changes from one slip plane to another intersecting slip plane. 
For glide to occur, the glide plane must contain both the Burgers vector and the line 
of dislocation, and consequently, for cross slip to take place, a dislocation must be in 
an exact screw orientation. In aluminum, where the dislocations are relatively 
unextended, frequent occurrence of cross-slip is expected. 

Faulted dislocation loops are observed in high purity aluminum (99.9999%) 
[12]. These loops form by the collapse of vacancy discs onto a closed-packed plane, 
and are called Frank sessile dislocation loops. These loops are metastable, and 
readily transform to prismatic loops under small external stresses. An extensive dis- 
cussion on stacking faults is provided in Reference 10. 

1.2.4. Grain Boundaries 

Most metals in commercial use are polycrystalline, i.e. the mass as a whole is made 
up of a large number of small interlocking crystals, or grains. Each grain is joined 
to its neighbors at all points on its surface by a grain boundary, the shape of which 
generally bears no relation to the internal symmetry of the crystal, as depicted 
in Fig. 1 . The packing of the atoms in the boundaries is almost as compact as that 
within the grains themselves. The thickness of grain boundaries in aluminum is about 
4 A [13], The orientations of the crystal axes in the different grains are often dis- 
tributed randomly, so that most of the grain boundaries are large angle boundaries, 
separating grains which are some 20 degrees or more apart in orientation. In many 
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cases, however, the orientations are grouped closely about a mean value; this is called 
a local orientation. The relationship of orientation of grain with respect to the exter- 
nal surfaces of the material is called texture. 


1.2.5 Sources of Dislocations 


Dislocations in aluminum alloys may be generated as a result of (i) quenching 
stresses, which mainly arise from the retention of an excess concentration of 
vacancies [14,15]; (ii) cold work, or (iii) misfit stresses created during the nucleation 
of a phase. 

The equilibrium concentration of vacancies at a particular temperature is given 

by; 


c v 



( 2 ) 


The equilibrium concentration of vacancies in pure aluminum as a function of tem- 
perature is given in Fig. 5. Assuming that all vacancies at the equilibrium concen- 
tration at an elevated temperature, T 2 , are retained at the end of a quench to 
cool aluminum to a lower temperature, Ti, the consequent chemical stress is given 
by [8]; 


<7 C 


£> r. _ t \ 

v V t 2 


(3) 


For aluminum, Ef is about 0.7 eV so that quenching from 900K to 300K produces a 
chemical stress of about 3 GPa. This stress is extremely high, several times the theor- 
etical yield stress of aluminum, and must be relieved in some way. Migration of 
vacancies to grain boundaries and dislocations will naturally occur, but vacancies 
form additional vacancy sinks by the spontaneous nucleation of dislocation loops. 


700 



Vacancy Concentration (10 4 ) 


Figure 5 Equilibrium concentration of vacancies as a function of temperature [Source 
Ref. 8], 
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High supersaturation of vacancies favor the formation of dislocation loops 
[14,16,17], which originate from the collapse of discs of vacancies [15,18], The aver- 
age number of loops can be as high as 10 15 cm~ 3 , with the density of dislocations 
in loops about 10 10 cm -2 [17], Lower supersaturations lead to the formation of dis- 
location spirals which result from the climb of screw dislocations by the absorption 
of vacancies [18], Alloying additions may have a strong effect on whether vacancies 
condense into loops or spirals. Elements with high binding energies with vacancies, 
such as Li and Si, retard the formation of loops and helices. 

In general, mobile dislocations are produced in metals by nucleation, 
multiplication or unpinning during cold work. Stress concentrations appreciably 
reduce the value of external stress required to nucleate dislocations. Regions that 
favor the nucleation of dislocations include surface irregularities, inclusions and 
grain boundaries. Dislocations are emitted from grain boundaries after only small 
deformations, and jogs on screw dislocations are important in multiplication [8]. 

Dislocations may multiply in number when dislocation sources within the 
crystal are active. The operation of one of these sources, a Frank-Read source [19], 
is shown in Fig. 6(a). A Frank-Read source in an Al-4 wt%Cu alloy [20] is shown 
in Fig. 6(b). The dislocation rings are symmetrically arranged about the source, 
but since they are inclined at an angle to the foil, only a part of the second and 
third ring lies in the thickness of the foil. After their production by the source, these 
rings have acquired vacancies, and formed complex helices, which have been dis- 
sociated under the action of stress, into a screw dislocation and adjacent series 
of loops. 

Figure 6(c) shows a perfect example of a Bardeen-Herring climb source, 
observed in an Al-3.5 wt%Mg alloy [21]. In this case, the concentric loops have been 
produced by climb rather than slip. The multiplication mechanism is similar to 
Frank-Read source, but because screw dislocations climb into helices, only edge 
dislocations can act as a source dislocation by expanding in the climb plane, as 
the extra half plane of atoms is removed by the condensation of vacancies introduced 
by quenching. 

When a crystal is deformed nonuniformly, slip requires that dislocations be 
generated if all parts of the crystal are to deform in a compatible way. These 
dislocations are called geometrically necessary dislocations [22], and there exist geo- 
metric relationships between the deformation and the number of dislocations needed 
to accommodate it with minimum internal stress. Dislocations are not geometrically 
necessary in the uniform deformation, such as simple tension, of a pure single crystal. 
Nevertheless dislocations do accumulate, causing the crystal characteristic work 
hardening (to be explained in the section “Dislocation-Dislocation Interactions”). 
There is no simple geometric argument to predict the density of these dislocations. 
Since their accumulation is probably a result of chance encounters in the crystal, 
they are called statistically stored dislocations [23]. 

Dislocations can also be generated as a result of misfit stresses created upon the 
nucleation and growth of second phase particles, especially dispersoids and 
precipitates. Whether dislocations will be generated is determined by the nature 
of the particle-matrix interface [23]. Nucleation of new dislocations form a coherent 
interface between the second phase particle and the matrix is extremely difficult. In 
case of incoherent or weak interfaces, nucleation of dislocations is relatively easy, 
requiring a stress of G/100, which decreases as particles grow. It is estimated [24] 
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(a) 

0) (2) 





(b) 


Figure 6 Dislocation sources in aluminum. The Frank-Read source generates additional 
dislocations when a dislocation line is pinned by two obstacles and bow under applied stress 
(a). If the stress is large enough, the bowed parts of the dislocation extend far enough to 
contact, leaving dislocation loops behind. A Frank-Read source in an Al-4 wt% Cu alloys 
is shown in (b) [20], 




that the critical value of e, where precipitates lose coherency, and misfit stresses result 
in formation of new dislocation loops, is 5%. Some of these dislocations glide along 
the precipitate-matrix interface to become a misfit dislocation, while others creep 
into the matrix, and become lattice dislocations [25]. As the precipitated particles 
grow, more and more dislocations are generated [26]. 

1.2.6 Dislocations and Strengthening Mechanisms 

Useful strength can be defined as the resistance of a material against plastic 
deformation and against formation and growth of cracks. Therefore a strengthening 
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Figure 6 Dislocation sources in aluminum, (c) A Bardeen-Herring climb source, observed 
in an Al-3.5 wt% Mg alloy [21]. (Micrographs are courtesy of Prof. R. E. Smallman, The 
University of Birmingham, United Kingdom). 


mechanism should simultaneously contribute to both aspects of strength, or increase 
one without impairing the other. Resistance to plastic deformation will be discussed 
in this section. The formation and growth of cracks will be addressed in “Mechanical 
Behavior of Aluminum Alloys” section in this chapter. 

The yield stress is defined as the stress at which dislocations travel significant 
distances in the material, causing macroscopic deformation to take place. In a single 
crystal, the stress at which dislocations glide freely is called the critical resolved shear 
stress (CRSS). In a polycrystal, the yield stress, YS (or <r y ), is related to the CRSS by 
the Taylor Factor, M (~3), which accounts for the fact that not all grains have 
favorably oriented slip planes and that material continuity must be preserved. 
The yield stress is related to the grain size and texture of the material through 
the parameter M. For a single phase alloy, if the value of M is known for a particular 
grain structure, then the yield strength is fully determined by the CRSS of the single 
crystal [27]. CRSS of crystals containing particles, however, may be higher or lower 
than predicted by the Taylor Factor depending on the morphology, size and habit 
plane of particles. 

CRSS for aluminum is 0.79 MPa [9], which is lower than the theoretical shear 
strength of aluminum by several orders of magnitude. Therefore the movement 
of dislocations has to be limited or delayed through various strengthening 
mechanisms before aluminum can be used in commercial applications where resist- 
ance to deformation is necessary. Strengthening will result whenever a dislocation 
encounters an irregularity within a crystal lattice. Hence large particles, small 
particles, foreign atoms, or the interaction of dislocations with other lattice defects 
will all result in strengthening, either because a dislocation is repelled by particles 
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or atoms, so that it must do more work to reach them, or because it is attracted to 
them and making it difficult to pull away. For more details, the reader is advised 
to refer to milestone reviews provided in Refs 1 and 28. 

Dislocation - Vacancy Interaction 

As indicated above, a vacancy contracts the site diameter by about 20%. This local 
strain interacts with dislocations, resulting in increased resistance to shear stress. 
In aluminum single crystals, tensile properties are significantly affected by cooling 
conditions from elevated temperatures, as depicted in Fig. 7(a). Note in Fig. 7(a) 
that there is a tremendous increase in yield stress of the aluminum single crystal 
when it is quenched rather than furnace cooled. The reason for the difference in 
the two tensile curves is a result of the condensation of vacancies on existing dis- 
locations, which create jogs, and therefore, increase the friction between the matrix 
and the dislocation during glide [29]. A dislocation should possess, in thermal 
equilibrium, a certain number of jogs [29]. This number decreases exponentially with 
decreasing temperature so that, by quenching with sufficient cooling rate from a high 
temperature, it may be possible to retain quenched-in jogs on dislocations, which 
would then provide a frictional force resisting the glide motion of dislocations 
at room temperature. Also excess vacancies, retained during the quench, migrate 
at room temperature to dislocations, where they form atmospheres or jogs, or 
clusters together to form voids, or rings of sessile dislocations [29]. The magnitude 
of increase in CRSS depends on the temperature from which aluminum is cooled, 
as depicted in Fig. 7(b), indicating that the more vacancies are quenched in, the 
higher the increment in CRSS. 

Dislocation-Solute Atom Interaction 

An alloying element going into solid solution always strengthens the solvent metal. 
In dilute solutions the amount of strengthening is generally proportional to the sol- 
ute concentrations, and if more than one solute is present, their effects are usually 
additive. The strengthening produced by a given element in aluminum depends pri- 
marily on the difference in size between the solute and the solvent [30-32]. However 
when the size difference is small (e.g. Zn or Ag in aluminum), electrostatic inter- 
action due to valence difference between the solute atom and the matrix becomes 
important [32,33]. Valence difference represents the change in the number of elec- 
trons contributed to the metallic bond. The effect of alloying elements in aluminum 
is most pronounced at lower concentrations and become less effective for the higher 
percentages of alloying elements. 

Dislocation movements are not greatly hindered by a random array of solute 
atoms on the solvent lattice. However solute atoms tend to collect preferentially 
at the dislocations, when the stress fields created by the solute atoms are combined 
with those of dislocations. The tendency for solute atoms to segregate to dislocations 
will be stronger, the greater the misfit between the solute and the solvent atoms. 
Solute atoms also segregate into the stacking faults between dislocations to lower 
their elastic energy. Because the energy of the fault is lowered by such segregation, 
energy must then be supplied to move a dislocation from the region where equilib- 
rium was obtained, since this motion restores the energy of the fault to its normal 
value for the given total solute concentration. In this way a dislocation may be 
pinned [34]. This is called Suzuki locking. 
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(a) 



Temperature Before Water Quench (°C) 

(b) 

Figure 7 Tensile curves (a) of quenched and furnace cooled aluminum single crystals indi- 
cate that segregation of vacancies to dislocations is, at least partially, responsible for the 
increase in CRSS [Source Ref. 29], This is supported by the dependence of CRSS on tem- 
perature before quenching (b) [Source Ref. 29], 


The locking of a dislocation by a solute atmosphere results in a significant 
increase in the stress necessary for the start of dislocation movement. This strength- 
ening mechanism is called solid solution strengthening. In order to produce solid 
solution strengthening, the element added must have appreciable solubility at 
the annealing temperature, must remain in solution after a slow cool from the 
anneal, and in non-heat treatable alloys, must not react with other elements to form 
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Table 1 Maximum Solid Solubility and Different Methods of Expressing Size Differences 
Between Solute Atoms and Aluminum Found in Literature 


Solute 

Element 

Max. Solid 
Solubility (at.%) 

(r 3 -rAi)/r A i ¥ 
(x 100) 

Volume Size 
Factort (%) 

(r 3 - r Ai)/r A i* 
(x 100) 

Volumetric 
Change^ (%) 

Ag 

23.8 

+ 0.46 

0§ 



Co 

<0.01 

- 12.64 


- 12.7 


Cr 

0.40 

-5.36 


- 10.1 


Cu 

2.48 

-5.35 

-18.9 

- 10.8 

-37 

Fe 

0.025 

-5.92 


- 11.4 


Ge 

2.30 

+ 0.53 

+ 13.4 


+ 23 

Li 

13.9 

+ 4.20 

+ 3.2 



Mg 

16.26 

+ 5.92 

+ 32.2 


+ 30 

Mn 

0.90 

-5.64 

-51.2 

-9.5 


Ni 

0.023 

- 13.21 


- 12.7 


Si 

1.59 

- 1.89 

- 12.5 



Zn 

66.4 

-3.15 

-5.9 

-3.2 

- 1 


¥ : calculated using the data on difference in atomic radii of element and aluminum, listed in Ref. 35; + Ref. 36; 
*: Ref. 32; iRef. 5; §: estimated to be 0 following the results of Ref. 33. 


insoluble particles. Maximum solid solubility of some elements is given in Table 1. 
Of all elements, Zn has the highest solid solubility in aluminum. Ag, Mg, and 
Li have solid solubilities greater than 10 at%. Solid solution strengthening becomes 
less effective at higher temperatures where diffusion becomes more rapid. 

Although it is well established that atomic size differences between the atoms of 
the solute and the solvent result in strengthening, there is not a common method to 
quantify the atomic size difference between aluminum and other alloying elements. 
The differences between atomic radii gives only qualitative information, since 
the size difference usually results in a redistribution of solvent atoms around the 
solute. A list of data on atomic size differences in aluminum alloys provided in 
the literature is given in Table 1. Note in Table 1 that different measures used 
to quantify atomic size difference yield different results, and the only thing in com- 
mon is the sign of the measures for a particular element. 

The increase in Vickers hardness of several aluminum alloys has been expressed 
by [32]; 


= < 4 > 

following the strengthening model given in Ref. 5, although a linear relationship 
between size difference and increase in Vickers hardness has also been observed [3]. 
Cr, Mn, Cu, Zr increase the hardness of aluminum according to Eq. (4), while 
Fe, Co and Ni harden the matrix to a greater extent than predicted by Eq. (4) [32,37]. 
This is due to the clustering tendency of Fe, Co, and Ni in aluminum. In another 
study [38], Ni and Sn were found to form clusters in as-quenched condition with 
sizes ranging from 25 to 50 A. Zn also forms clusters [15]. 
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Figure 8 (a) Results of Ref. 30 replotted using the absolute values of volume size factors for 

various elements listed in Table 1. Increment in yield strength is determined by volume size 
factor, as well as the number of valence electrons in the solute atoms. The effect of various 
elements and their concentration on yield strength as a function of (b) atomic percent solute 
[Source Ref. 39], 
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Solute Concentration (wt.%) 

(c) 


Figure 8 (c) weight percent solute. Although Cu is the most effective solute element on an 

atomic basis, Mg gives most increase in yield strength on a weight basis. 


When results of Ref. 30 for various elements versus volume size factors listed in 
Table 1 are plotted, relationships presented in Fig. 8(a) are obtained. Note in Fig. 
8(a) that elements with same number of valence electrons lie on the same line, 
and the line for elements with two valence electrons go through the origin, despite 
the fact that aluminum has three valence electrons. These results are in excellent 
agreement with the findings of Ref. 33, with the exception of Ge which lies close 
to the line for v = 2. This, however, is not unexpected, since the valence difference 
between A1 and Ge is the same as that between A1 and all elements with two valence 
electrons. 

Figure 8(b) and 8(c) [39] show the increase in yield strength upon the addition 
of alloying elements on an atomic and weight % basis, respectively. Note in Fig. 
8(b) and (c) that all elements initially increase strength, but the effect of concen- 
tration is not linear, and not all elements are equally effective. On an atomic basis, 
Mn and Cu are the most effective strengtheners at levels of 0.5 at% or less. However, 
Mn usually precipitates as a dispersoid during ingot preheating and hot processing so 
only 0.2-0. 3 wt% Mn (0.1-0.15 at%) will be in solution in Al-Mn based 3XXX alloys. 
Cu additions to non-heat treatable alloys are commonly held to about 0.3 wt% (0.1 
at%) to avoid possible formation of Al-Cu-Fe constituents, grain boundary 
precipitates or precipitation hardening effects. Therefore only modest solution 
strengthening can be achieved with Mn and Cu. Mg, though not as effective as 
Mn or Cu on an atomic basis, is very effective on a weight basis, and has the added 
advantage that it is highly soluble in Al. Some 5XXX sheet and plate (used in 
the O-temper) relies mainly on Mg in solution (up to 6 wt%) for strength, in which 
annealed yield strengths of up to 175 MPa (25 ksi) are achievable. The amount 
of Mg that can be retained in solution in commercial alloys is affected by the 
presence of other elements, mainly Cu and Si, which react with Mg during cooling 
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to form either Al-Cu-Mg or Mg-Si phases, thus lowering the solute content of the 
matrix. Zn is highly soluble in A1 but is least efficient in strengthening [39]. Never- 
theless Zn is present in some non-heat treatable alloys at levels of approximately 
1 wt% to adjust solution potential. In ternary alloys of Al-Mg-Si, Al-Cu-Mg, 
and Al-Zn-Mg, the solution strengthening effect of the elements is enhanced when 
they work in combination; their strengthening is greater than predicted by the 
sum of the individual components. 

Solute atoms also affect the Modulus of Elasticity (E) in aluminum alloys. 
Dislocations anchored to lattice sites can add to the elastic lattice distortion pro- 
duced by an externally applied stress, and result in significantly lower E than in 
the absence of dislocations [3]. Since the mobility of dislocations is reduced by solute 
atoms, the mobile dislocations are anchored, resulting in an increase in E. Si, Cu and 
Li increase E by 8.5, 4.4 and 1.5%/at% in solution respectively [3]. 

Dislocation-Dislocation Interactions 

Distortion around a dislocation line creates a strain field, which influences the 
behavior of other dislocations in the crystal. A positive edge dislocation attracts 
a negative edge dislocation lying on the same slip so that their respective strain fields 
should cancel. Moreover, the dislocations in a crystal will interact with each other to 
take up positions of minimum energy to reduce the total strain energy of the lattice. 
Hence the number of dislocations within the lattice affects the nature of deformation 
significantly. 

dislocations as obstacles. Not all dislocations get activated during 
deformation. Sessile dislocations cannot glide in the usual manner, and can act 
as obstacles to the glide motion of glissile dislocations. The simplest of these is 
the Frank sessile dislocation loop, which has been mentioned previously. Although 
these dislocation loops are metastable in pure aluminum, the addition of an alloying 
element to aluminum may alter the stability of a Frank sessile dislocation loop. 
Frank sessile dislocation loops are shown in Fig. 9 [40], which shows prismatic 
and sessile loops ( A) in the same field of an Al-3.5 wt% Mg alloy. The fringe contrast 
inside the loops marked A indicates that the dislocation line surrounds a stacking 
fault. In this alloy, the stability of the fault may be attributed to the local clustering 
of solute atoms which presumably lowers the stacking fault energy, or locks the 
defect by a Suzuki mechanism [8], 

Another common obstacle is that formed between extended dislocations on 
intersecting {111} slip planes. Three partial edge dislocations can react to form 
a Lomer-Cottrell sessile dislocation, with a stacking fault wedge. They can be gen- 
erated by a dislocation reaction between two suitable chosen extended dislocations 
on intersecting {111} planes [1 1], If a group of glissile dislocations is piled up against 
a Lomer-Cottrell dislocation, the width of the stacking fault wedge may be reduced. 
If this reduction is sufficiently large, the Lomer-Cottrell dislocation may collapse by 
becoming a glissile dislocation and gliding away. The stress acting on the leading 
dislocation of a pile-up of N dislocations is found by [11]; 

t p = Ni r (5) 

If the number of dislocations in a pile-up and the applied stress acting on these 
dislocations are large enough, it is possible to bring the two partial dislocations 
of an extended screw dislocation completely together, making it easier for these 
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Figure 9 Frank sessile dislocation loops in an Al-3.5 wt% Mg alloy [40]. (Courtesy of Prof. 
R.E. Smallman, The University of Birmingham, United Kingdom). 


dislocations to cross-slip [11]. In the case of screw dislocations piled up against a 
Lomer-Cottrell dislocation under increasing stress, the screw dislocations leave 
the pile-up by cross slip before the sessile dislocation collapses. 

Dislocations that penetrate the glide plane more or less perpendicularly also 
contribute to the flow stress. These dislocations are called the dislocation forest. 
Depending on whether the dislocations that cut across one another are of the edge 
or screw type, the result may be the creation of a line of vacancies in the lattice. 

deformation and strain hardening. Deformation of metals occurs 
primarily by the motion of existing dislocations, and by the creation of new 
dislocations through mechanisms such as the Frank-Read source. Dislocation glide 
occurs on intersecting slip planes within the grain, and with mutual interference 
with slip planes from adjacent grains. For this gliding motion to start, the applied 
shear stress must be large enough to overcome the opposing action of the stress 
fields of the dislocations surrounding a moving (glissile) dislocation. The main con- 
tribution comes from dislocations which are roughly parallel to the glissile dis- 
location, and have the same Burgers vector. If these dislocations are distributed 
in a random pattern, and if the density per unit area is pn, the increase in yield 
stress in given by [11,41]; 

Affy = Mct-Gb^fpf, (6) 

where, a is a constant of the order 0.2-0. 3, and its exact value depends on alloy 
composition. 

During deformation, the dislocation density, pn, increases when dislocation 
generation and multiplication occur faster than annihilation by dynamic recovery. 
The increase in dislocation density with increasing deformation in an Al-Li-Cu alloy 
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*0 12345678 

Deformation (%) 

Figure 10 The increase in dislocation density with increasing deformation in an Al-Li-Cu 
alloy using data provided in Ref. 42. 


is shown in Fig. 10. With deformation, dislocation tangles are formed, which 
decrease the mean slip distance, and result in increased strength. Therefore, the inter- 
actions of dislocations cause further deformation to become more difficult thus 
strengthening the metal through strain hardening. The initial strain hardening in 
pure aluminum is close to G/20, which represents the maximum value expected from 
dislocation storage [41], The strain hardening decreases linearly with the stress, the 
rate of this decrease being slower when the deformation temperature is lowered. 

The increase in strength with increasing dislocation density with deformation is 
used as a basis for certain deformation processes to obtain a given set of properties in 
a wrought product. The strengthening of a metal through these deformation pro- 
cesses is called work hardening, which is the principal means by which non-heat 
treatable alloys are strengthened. The most common means of work hardening 
in non-heat treatable aluminum alloys is by cold rolling of sheet and foil. 

A part of the energy expended in deformation is stored in the deformed metal 
structure as dislocations and dislocation substructures. This energy acts as a 
thermodynamic driving force which tends to return the metal to its undeformed state 
if the temperature is raised sufficiently for the required reactions to occur at an 
appreciable rate. Thus as the temperature is raised, recovery and recrystallization 
return the metal to the fully annealed state. Therefore, work hardening is a suitable 
strengthening mechanism only for service conditions where the metal will never 
be heated to the point that softening will lower the strength below the design level. 

In quenched aluminum foils given small amount of plastic deformation at 
room temperature, the dislocation loops combine with moving dislocations to form 
irregular, kinked dislocation lines [8], Moreover, all loops are removed after only 
5% reduction in thickness by cold-rolling, and as the amount of cold work is 
increased, the tangle of jogged dislocation lines gradually changes to a network 
of well-defined subgrains. The high flow stress observed in the stress-strain curve 
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for quenched aluminum in Fig. 7(a) can be qualitatively understood on this basis 
because the first dislocation to move appreciable distances become heavily jogged 
almost immediately by combination with loops [8], 

THE EFFECT OF ALLOYING ADDITIONS ON STRAIN HARDENING. Solute atoms Can 
have a dramatic effect upon the work and strain hardening behavior of Al. Solutes 
can enhance strain hardening through several possible mechanisms [43]; (i) precipi- 
tation during deformation; (ii) increasing the rate of dislocation multiplication; 
and (iii) reducing the rate of recovery. Precipitation was found [44] to play an import- 
ant role in the strain aging behavior of Al-3 wt%Mg alloys. Fligh rate of strain hard- 
ening in Al-Mg alloys has also been suggested [45] to be due to an increased rate of 
dislocation multiplication, and reduced rate of recovery. Evidence for the influence 
of solutes on recovery is based on the nature of the substructures in deformed 
material. Aluminum, because of its high stacking fault energy, undergoes extensive 
dynamic recovery during deformation, resulting in an as-formed microstructure 
of well-defined cells or subgrains. The substructure and texture formed at high tem- 
peratures in alloys closely resemble those formed in pure metals at low temperatures 
where recovery is slow. Hence the addition of solutes has the same effect as lowering 
the temperature, i.e. it slows down recovery processes [45]. Since the effect of 
dynamic recovery in lowering work-hardening rate is detrimental to formability [46], 
it is of great importance to suppress dynamic recovery in alloys designed for high 
formability. 

From a practical viewpoint, the strain hardening response of materials which 
have the same tensile elongation can be expressed as the difference between the ulti- 
mate strength (UTS) and yield stress obtained in a tensile test. Figure 1 1 [39] shows 
the difference between UTS and YS for the alloys shown in Fig. 8(b) and (c). Figure 
11 indicates that Cu is the most efficient in promoting strain hardening of Al, 
and continues to be effective even at levels where its effect on solution strengthening 
levels off (Fig. 8). Si also follows this same trend, although to a lesser extent than Cu. 
Mg shows good strain hardening potential while Zn has little effect on tensile strain 
hardening. In an early study [33] on the strain hardening behavior of binary alloys, 
it was found that the tensile stress-strain curves for alloys with different solutes could 
be made to coincide by comparing “equivalent” solute concentrations. Of the solutes 
tested, Cu is the most efficient in promoting strain hardening. The overall effect of 
solute elements can be expressed in terms of K, a term which represents the copper 
equivalent for 1 at% of various solute elements [33], K is a function of the change 
in lattice parameter of the aluminum matrix upon alloying additions, and the dif- 
ference in valence between solute and aluminum. The values of K reported are listed 
in Table 2. Following Table 2, for instance, a 1.0 at% Mg alloy would have a similar 
tensile strain hardening behavior to a 0.37 at% Cu alloy. 

Another way of representing the work hardening behavior is in terms of the 
strain-hardening exponent, n, used in stress-strain relationship, defined by 
Hollomon [48]; 


er t — ke n (7) 

k and n values for several commercial aluminum alloys are given in Table 3. 
Research at Alcoa laboratories [49] showed that the yield strength during cold rolling 
can be related to the true rolling strain (e = In (T ; /T f )) following the above 
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Figure 11 The difference between the ultimate strength (UTS) and yield strength obtained 
in a tensile test for various alloying additions in aluminum [Source Ref. 39]. 


Table 2 K Parameter Showing Cu Equivalent for 1 
at% of Various Solute Elements, and Corresponding 
Doherty Solute Work Hardening Parameters 


Element 

Kt 

H (GPa)t 

Cu 

1.00 

3.38 ±0.20 

Ge 

0.64 


Si 


1.56±0.05 

Mg 

0.37 

1.52 ±0.14 

Mn 


1.03 ±0.17 

Cd 

0.33 


Ag 

0.15 


Zn 

0.071 

0.27 


t: Ref. 33; t Ref. 47. 


mentioned Hollomon equation; 

YS = k e n (8) 

Figure 12 shows the YS versus true rolling strain for several binary alloys. In rolling, 
as in tensile straining, all elements are not equally effective in promoting work 
hardening, and higher solute levels results in enhanced hardening. 

The effect of the solute atoms on work hardening can also be expressed by 
comparing k values in Eq. (8) (YS after a true rolling strain of 1 (63% cold roll)) 
of aluminum and the alloy [47]. The Doherty solute work hardening parameter. 
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Table 3 Strain Hardening Parameters for Various 
Commercial Alloys 


Alloy 

n 

k (MPa) 

1100-0 

0.242 

146 

3003-0 

0.242 

188 

6061 -0 

0.209 

224 

5052-0 

0.198 

281 

5454 - O 

0.189 

340 

5086-0 

0.193 

368 

5456-0 

0.178 

479 



InPjH 

Figure 12 YS versus true rolling strain curves for several binary alloys [Source Ref. 39], 


H , can then be expressed as; 

H (solute) = fcalloy ~ dM * (9) 

(at. fraction solute) 3 

Within acceptable limits of scatter, each solute element can be characterized by an H 
parameter. The higher the H parameter, the more efficient the alloying additions in 
promoting work hardening during cold rolling. A list of H values for several 
elements are given in Table 2. It is evident in Table 2 that Cu is very effective 
in promoting work hardening during cold rolling. On per atom basis, Cu is the most 
efficient element of those shown in Table 2 in inhibiting dynamic recovery and pro- 
moting dislocation storage during cold rolling. Mg and Si are less effective than 
Cu, but still provide good enhancement of work hardening. Zn has little effect 
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on work hardening. In ternary alloy systems, Al-Mg-Si, Al-Zn-Mg and Al-Cu-Mg, 
work hardening is greater than the effect predicted by simply summing the effect 
of individual solutes. 

Dislocation-Grain Boundary and -Substructure Interaction 

A dislocation which reaches a grain boundary cannot continue its slip motion into 
another grain because of the difference between orientation of the slip planes 
and directions between two neighboring grains. Hence grain boundaries serve as 
obstacles to the movement of dislocations, which pile up near the boundaries. There- 
fore with decreasing grain size, less distance can be traveled by a glissile dislocation 
before reaching a grain boundary, resulting in higher strength. This strengthening 
mechanism is called grain size hardening. Strengthening due to grain size effects 
can be described by the Hall-Petch equation; 

a y — (7f + k\ d~ m (10) 

The exponent, m, is 1/2 for grain size hardening. Frictional stress, <r f , and k\ are 
affected by alloy content, grain size uniformity and shape as well as crystallographic 
texture. Of is 10 MPa for pure aluminum [50], and increases with increasing alloy 
content. Since grain size is not a major factor in increasing strength in commercial 
alloys, k\ is relatively low for A1 alloys (0.065 MPam ” 1/2 f or p ure aluminum [31] 
and 0. 1-0.2 MPam" 1 / 2 for many aluminum alloys [2]). It is the experience of 
one of the authors ( JTS) that grain boundaries and subgrains do not provide sig- 
nificant strengthening in heat treatable alloys. However strength of unrecrystallized 
material is higher when a strong texture is formed, particularly in extruded products. 
This texture strengthening is lost when the material recrystallizes. Nevertheless grain 
size effects do become significant when the alloy is underaged, and consequently 
precipitates are sheared by glissible dislocations [51], and also in nonheat-treatable 
Al-Mg alloys [52], 

Aluminum disfavors localized slip due to its extremely high stacking fault 
energy [53]. However when precipitates smaller than a critical size are present in 
the alloy, localized slip is observed, since the precipitates can be readily sheared 
by glissile dislocations. Consequently grain size effects become important to mini- 
mize the detrimental effect of localized slip. The yield strength of recrystallized 7475 
alloy as a function of temper and grain size is shown in Fig. 13. Note in Fig. 13 that 
the sensitivity of yield strength to grain size is much lower when the alloy is overaged 
than when it is underaged. The combined effect of heat treatment and grain size 
effects has also been reported for Al-Mg-Si alloys [54,55]. 

Even though a reduction in grain size may increase strength in some cases, 
extremely fine grain sizes are undesirable for formability and fracture toughness. 
During forming operations, grain boundaries can act as sinks for dislocations, 
and lead to a loss in strain hardening capacity and uniform elongation [56]. During 
fracture, an extremely fine grain size reduces the fracture toughness by decreasing 
crack tortuosity [53]. 

The high stacking fault energy of aluminum and consequent development of 
well-defined subgrains during deformation make it responsive to substructure 
hardening, which also follows Eq. (10). The exponent m in Eq. (10) varies between 
1 /2 and 1 in substructure hardening. The substructures produced at low homologous 
temperatures are usually called cells, and have walls consisting of tangled dis- 
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Figure 13 The yield strength of recrystallized 7475 alloy as a function of temper and grain 
size, using data provided in Ref. 51. 


locations, whereas the substructures produced at higher temperatures are referred to 
as subgrains, and have narrow, well-defined walls. The value of m varies from 1 to 
1/2 as recovery proceeds or as cells approach subgrains, and this trend is probably 
related to the impenetrable character of subgrain boundaries [57,58]. The subgrains 
formed during hot working are more effective for substructure strengthening, 
m x 1 /2, than the cells produced during low temperature deformation, m x 1 . 

A series of wrought aluminum alloys (some of the 8XXX series) have been 
developed with a very fine grain strcuture stabilized by a nearly uniform dispersion 
of fine particles. The tensile properties of these alloys have a stronger grain size 
dependence (m x 1) than observed in coarser grained materials [59]. The strong grain 
size hardening effect is, unfortunately, accompanied by a loss of further hardening 
ability during tensile deformation; the small mean free path of dislocations, which 
is limited by the grain size, results in less dislocation-dislocation interaction. At 
very small grain sizes (~1 /a n), this lack of work-hardenability can severely limit 
tensile ductility at room temperature. 

Dislocation-Particle Interactions 

Hard, minority-phase particles inhibit the movement of dislocations, and therefore, 
increase strength. If these particles are non-deformable, the strengthening mechan- 
ism is called dispersion strengthening. However if strengthening is due to the 
presence of coherent precipitates which are capable of being sheared by dislocations, 
then the mechanism is called either precipitation hardening or age hardening. Dis- 
persion strengthening in aluminum alloy products is provided by dispersoids, which 
form by solid state precipitation, either during ingot preheating or during the 
thermal heat treatment of cast shapes. Dispersoids are composed of slow diffusing 
elements, which are soluble in molten aluminum but which have limited solubility 
in solid aluminum. Mn, Cr, and Zr are typical dispersoid forming elements. Unlike 
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the precipitates which confer precipitation hardening, dispersoids are virtually 
impossible to dissolve completely. More discussion about dispersoids and 
precipitates is provided later in this chapter. 

age hardening. Precipitates form during aging, at either an ambient or 
elevated temperature, in alloy systems which have a sloping solvus line, i.e. 
decreasing solid solubility with decreasing temperature. Details regarding precipi- 
tation during aging will be discussed later in this chapter. 

Depending on the size, spacing, and degree of coherency, precipitate particles 
are either sheared, or looped and bypassed by the dislocations during plastic 
deformation. Small particles which are coherent or partially coherent with the 
matrix are sheared by moving dislocations. Consequently the strengthening 
mechanisms associated with the presence of particles are reduced. This results, 
successively, in a local decrease in resistance to further dislocation motion, concen- 
tration of slip, and destruction of the strengthening agents. Sheared precipitates 
and localized slip in an Al-8.1 at% Li, are shown in Fig. 14 (a) and (b). Coherent 
5' (Al 3 Li) are sheared by glissile dislocations in Fig. 14, and slip is localized, as shown 
with arrows. For this cutting mechanism, increase in strength due to the interaction 
of a glissile dislocation with the particle can be represented by; 

A c, = cf m r% (11) 

The exponents m and q are always positive, usually around 0.5, and strength 
increases with both volume fraction and particle size. The relationship between 
precipitate radius (r P ) and CRSS in an Al-Li alloy is shown in Fig. 15. As particles 
grow, coherency strains build up, and are finally released when the particles become 
incoherent, e.g. during the transformation from the transition phase to the equilib- 
rium phase, as depicted in Fig. 16. At this stage, dislocations are created at the inter- 
face between the precipitate and the matrix as a result of the misfit stresses. The loss 
of coherency is accompanied with a change in particle-dislocation interaction from 
one of shearing, to that of dislocation looping or by-passing. Fig. 17. This results 
in a significant increase in resistance to dislocation motion, and this strengthening 
mechanism is referred to as Orowan Strengthening (or looping). Strengthening is 
obtained due to formation of dislocation loops around the precipitates that have 
attained a critical size, and therefore can no longer be sheared by glissile dislocations. 
This also increases the strain hardening rate. A graphical explanation of Orowan 
looping for a pure edge dislocation is given in Fig. 18 [61]. In Fig. 18(a), the dis- 
location has been held up by a set of particles intersecting the slip plane. As the 
applied stress rises, the screw components of the dislocation, formed when the dis- 
location took up the shape shown in a, cross slip, as shown in b. These screw com- 
ponents are of opposite sign on each side of a single particle. Consequently they 
attract each other, as in c, and annihilate each other, as depicted in cl. The process 
leaves a prismatic loop around each particle and corresponding prismatic jogs in 
the dislocation line. Any dislocation with an edge component behaves in a similar 
way. After maximum strength is obtained, strength is related to precipitate size, 
following the equation [62]; 

Aoy = f> r p l f 05 (12) 

It has been shown [63] recently that /in Eq. (12) is not constant since the solute 
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Figure 14 Deformation structure near the fracture surface of an Al-2 wt% Li alloy, (a) 
Strain localization in the vicinity of grain boundary; (b) Sheared Al 3 Li precipitates within 
slip band. (Courtesy of Prof. E. A. Starke, Jr., University of Virginia). 


concentration of solute in the matrix phase changes as the dispersion coarsens. A 
more detailed discussion on this subject is provided in Ref. 63. The critical diameter 
at which the transition occurs for a noncoherent particle with a different crystal 
structure is given by [53,64,65]; 


(A>Ub 


AnbC G\\ 

f^particle 


(13) 
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Figure 15 The relationship between precipitate radius (r p ) and CRSS in an Al-Li alloy. 
Data provided in Ref. 60. 
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Figure 16 Structural relations between matrix and precipitate [Source Ref. 53], (a) 
Coherent, stress-free, ordered particle (<5'-Al 3 Li); (b) partially coherent precipitate (O' , Cu 2 A1; 
p' , Mg 2 Si); (c) noncoherent precipitate (0, Cu 2 A1; Si). 
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Figure 17 Change in CRSS as a function of precipitate size. Maximum strength is obtained 
where the dislocation-precipitate interaction changes from shearing to by-passing (looping). 



Figure 18 A graphical explanation of Orowan looping for a pure edge dislocation. 


for an ordered, coherent, stress-free particle [53]; 


(A>Ub 


G M b 2 

7 APB 


(14) 
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Table 4 A List of Calculated and Experimental Critical Precipitate Sizes in Aluminum 
Alloys 


Particles 

(Dp)s_>b 

Comments 

Reference 

Diamond (Ge) 

0.2 


66 

Si, FeAl 3 , CuAL 

0.5-5 


66 

Zn 

15 


66 

c5'(Al 3 Li) 

50 

Passage of single 
dislocations 

66 


>500 

Dislocation pairs 

66 

T, 

0.8t 


65 

S' 

2 


65 

if 

6t 


67 


t; critical plate thickness; +: experimental finding. 


C is a dimensionless parameter determined by the shape of the particle [66], and is 
close to unity for spherical particles. A list of estimated critical particle diameters 
in aluminum alloys is presented in Table 4. (D p ) s ^b represents the maximum effec- 
tive diameter of a precipitate. For more discussion on the calculation of the critical 
particle diameter, see Ref. 65. 

The transition in dislocation-particle interaction from shearing to by-passing 
tends to increase work hardening rate with strain due to the formation of a dislo- 
cation forest [68], and homogenizes deformation, which usually results in an 
improvement of ductility and stress-corrosion resistance, but usually a decrease 
in fracture toughness and fatigue crack propagation resistance [69]. 

The increase in CRSS due to Orowan looping, ACRSSoi, can also be rep- 
resented to include the effect of particle spacing, A, by [70]; 


ACRSSoi = 


2GB 1 , 
- — In 

47W 1 — v A 



(15) 


Maximum hardening is expected when the spacing between particles is equal to the 
limiting radius of curvature of glissile dislocations, i.e. about 50 atomic spacings 
or 10 nm [71]. 

gp zones and intermediate precipitates. The strength of an age hardened 
alloy depends on the ability of the precipitates to resist the movement of dislocations 
during deformation. Individual GP zones have only a slight effect in this regard, 
because they are readily sheared by glissile dislocations; the stress required to shear 
GP zones is an order of magnitude less than that necessary to force dislocation loops 
between precipitate particles [72]. Nevertheless the presence of GP zones normally 
delays the activation of dislocations due to their high volume fraction, and therefore 
causes a large increase in yield strength. 

Misfit between GP zones and the aluminum matrix determines the shape of GP 
zones. Because of the small difference in volume between equal numbers of alumi- 
num alloys and of clusters of aluminum, zinc and magnesium atoms, aluminum 
alloys containing zinc and magnesium develop zones which maintain an approxi- 
mately spherical morphology during natural aging and in the initial stages of arti- 
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ficial aging. In contrast, clusters of aluminum, copper, and magnesium atoms occupy 
a smaller volume than equal numbers of aluminum atoms. Consequently Al-Cu-Mg 
alloys, such as 2024, develop platelike zones surrounded by an elastic strain field. 

Once GP zones are sheared, dislocations may continue to pass through the 
same particles, and deformation then tends to become localized on the active slip 
planes so that intense slip bands develop. Consequently dislocations pile up at grain 
boundaries and a microstructure which may lead to an increased tendency for 
intergranular fracture, develops. 

Intermediate precipitates usually resist shearing by dislocations, and they are 
more stable at elevated temperatures. However, when they are widely spaced, they 
can usually be by-passed by moving dislocations. The greatest impedance to dislo- 
cation motion, and hence greatest potential for strengthening occurs when an alloy 
contains precipitates that are large enough to resist shearing by dislocations, 
and yet are too finely spaced (interparticle distance ~ 10 nm) to be by-passed [73]. 
This is, however, difficult to achieve in practical aluminum alloys, and maximum 
response to hardening is usually observed when the microstructure contains a com- 
bination of large, closely spaced, shearable GP zones and more widely spaced inter- 
mediate precipitates. 

Applied and residual stresses may change the stability of a phase, and may 
move the solvus line either into the single-phase or two-phase region. Consequently, 
externally applied stresses and internal stresses associated with second phase 
particles can affect both nucleation and growth of precipitates and subsequently 
their coarsening behavior. If precipitation occurs preferentially on certain habit 
planes due to the applied stresses, an anisotropy of strength properties may result. 

the effect of precipitate shape. The particles may form in a variety of 
shapes (e.g. spheres, discs, and rods), depending on the misfit between particle and 
the matrix, and the interfacial energy. The shape that occurs generally minimizes 
the total energy associated with the formation of the particle. For instance, when 
the atomic misfit is very small, spherical particles are formed. However when 
the atomic misfit is large, the particles generally assume the shape of discs or rods 
to minimize the strain energy [69]. Although atomic misfit is a potent strengthener, 
it adversely affects ductility, and enhances precipitate coarsening rate at elevated 
temperatures [68]. 

The effect of particle shape on X and D p in Eq. (15) for aluminum is given in 
Table 5. X varies with the shape, orientation and distribution of the particles. 
For a given volume fraction and number density of precipitates per unit volume, 
ACRSS produced by {1 11}„ plates is invariably larger than that produced by { 100}o, 
plates, and for both precipitate orientations, ACRSS increases with an increase 
in plate aspect ratio [70]. When the aspect ratio of the plates exceeds a critical value, 
the { 1 1 1 } or or { 100}o, plates both form an essentially closed, continuous network. 
Provided that the plates resist shearing by glissile dislocations, the dislocations gen- 
erated within the tetrahedral or cubic volumes cannot escape, and in the limit, 
the theoretical ACRSS is infinitely large. In practice, however, accumulation of 
dislocations will lead to local stress concentrations exceeding the yield strength 
of precipitates, and result in precipitate shearing. Also plate shaped precipitates 
formed on the {111}* and {100} a planes are more effective in reducing X than 
rod shaped precipitates formed in (100) a directions. Plate shaped precipitates pro- 
vide a much more effective barrier to glissile dislocations than either rod-shaped 
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Table 5 The Effect of Precipitate Shape and Orientation on Orowan Strengthening ( Source : 
Refs 70 and 74) 


Shape and Orientation 


A 


D„ 


Randomly Oriented Spheres 

Dp L 

Randomly Oriented Plates ^ 

Randomly Oriented Rods 
{100}„ Plates 
{1 1 1}„ Plates 


—•(ff-T 


D, 


(2 izT \ fD PL 

" 2D PL J ’ C 1 T I +1 _ ^ I -T- 


T 

D *®“- 
DplT' 


^„,,/0.3067tD pl T\ 05 ^Dp L „ , 
0.9311 J 1.061T 

„ „„„ /0.265wDp L T\ 05 ^Dpl 

0.931 ( j jpi — 0.919T 


J"- ^ 1.414D R 
2D pl J T 

D r 1.414D r 

1.225T 


1 1 nn\ 


or spherical precipitates. For (100) a precipitate rods that are resistant to shearing, 
the Orowan increment in CRSS is invariably larger than that produced by spherical 
precipitates. 

precipitate size distribution. In a precipitation hardened alloy, not all 
precipitates have the same size, i.e. there exists a distribution of precipitate sizes, 
and hence a distribution of obstacle strengths. Even in monodisperse spherical 
particles, the obstacle strength distribution still exists since these particles will 
be cut at various cross-sections [75], Since the value of the CRSS depends more 
strongly on the precipitate size after by-passing begins than before, peak strength 
will occur almost immediately after the largest of the precipitates reaches (Z> p ) a ^b 
not when the average sized precipitate reaches (£> p ) s _* b . The amount of strengthening 
provided by the precipitates is most closely related to the average precipitate size. 
Consequently, the maximum achievable strength increases as the precipitate size 
distribution narrows. As illustrated in Fig. 19, when the largest precipitates reach 
(Z> p ) s ^b the average precipitate diameter of a narrow distribution is greater than 
the average diameter for a broad distribution. The strength of the narrow distri- 
bution is correspondingly higher [27,76]. Thus CRSS at peak strength is maximized 
if all precipitates are the same size. In addition, (D p ) s ^ b is not constant for a par- 
ticular alloy system, and changes with precipitate spacing, i.e. total volume fraction 
of precipitates [76]. 

In aluminum alloys, which are strengthened by metastable precipitates, 
isothermal aging can produce microstructures containing more than one type of 
precipitate, each of which can strengthen the matrix by a separate mechanism. 
The distribution of obstacle strengths under these circumstances will generally 
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Log (time) 


Figure 19 The effect of precipitate size distribution on aging curve. Peak strength occurs 
almost immediately after the largest of the precipitates reaches (D p ) s _>b- The amount of 
strengthening provided by the precipitates is, however, most closely related to the average 
precipitate size. 


be far broader than that due to the presence of a single type of precipitate [75]. Also 
some commercial alloys are subjected to dual aging treatments, which can produce 
polymodal particle size distributions. 

PRECIPITATION HARDENING MECHANISMS OTHER THAN OROWAN LOOPING. Precip- 
itation strengthening can also be due to: (i) chemical strengthening; (ii) stacking- 
fault strengthening; (iii) modulus strengthening; (iv) coherency strengthening; and 
(v) order strengthening. In many alloy systems, two or more of these mechanisms 
are operative simultaneously. For a more detailed discussion of these mechanisms, 
reader is advised to refer to the excellent review provided in Ref. 75. 

The passage of a dislocation through the precipitate creates two ledges of a new 
precipitate-matrix interface of specific energy, y s . Therefore the resultant increase in 
strength can be written as [72]; 

ACRSS c = ( r P ) _1 (16) 

Chemical strengthening is effective only when the precipitates are small. Chemical 
strengthening has been suggested [77] as the hardening mechanism in the Al-Zn 
system, although this can only be valid for short aging times; strength is inversely 
dependent on the particle size, and requires an increasing particle volume fraction 
to provide strengthening. 
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(f r) (A ) 

Figure 20 Stacking fault strengthening in an Al-Zn-Mg alloy (Source Ref. 79). The slope of 
the line indicates a y of 350 mj/m 2 for GP zones. 


When the stacking fault energies of the precipitate and matrix phases differ, the 
motion of the dislocations will be impeded because the separation of the partial 
dislocations varies depending upon the phase in which the dislocations reside. 
The increase in CRSS of underaged alloys due to stacking fault strengthening varies 
as [78]; 


ACRSSsf = Ay 15 


'37T/>p\ 

32 rb 2 ) 


(17) 


The strengthening in Al-Ag alloys is explained by stacking fault strengthening [78], 
which is also responsible for strengthening due to GP zones in Al-Zn-Mg alloys 
[79]. This relationship is depicted in Fig. 20 for an Al-Zn-Mg alloy. The slope 
of the line in Fig. 20 indicates a y of 350 mJ/m 2 for GP zones. 

The energy of a dislocation is a function of the shear modulus of the lattice in 
which it resides. As a dislocation moves from the matrix into a particle of different 
shear modulus, there is a change in the dislocation energy, and hence, an interaction 
force between the dislocation and the particle. Therefore, modulus strengthening is 
due to the difference in elastic moduli of the matrix and the precipitate. For small 
particle sizes, the increase in CRSS can be explained by [80]; 


ACRSS m = 0.9 (r„ff 5 ^ 




(18) 


Strengthening due to GP zones in Al-Zn-Mg alloys has also been attributed [80] to 
modulus strengthening, but peak aged strengths benefit from an additional harden- 
ing due to Orowan strengthening. In another study on Al-Zn-Mg alloys [8 1], strength 
was found to be change linearly with (fr P ) 0 - 5 , but slope was dependent on aging 
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Figure 21 Modulus strengthening in Al-Zn-Mg alloys (Source Ref. 81). Aged strength 
changes linearly with (f r P ) 0 ' 5 , but slope is dependent on aging temperature. At the lower 
temperatures, the particles should be primarily GP zones, while at higher aging temperatures, 
the tf (MgZn 2 ) should be dominant. 


temperature, as depicted in Fig. 21. At the lower temperatures, the particles are 
expected to be primarily GP zones, while at higher aging temperatures, the r]' 
(MgZn 2 ) is expected to be dominant. There is also significant modulus strengthening 
in Al-Li alloys [30]. In those alloys, where aging is accompanied by a significant 
change in the volume fraction of particles and overaging is still accompanied by 
particle shear, modulus strengthening could be very important [82]. In aluminum 
alloys, Al-Zn-Mg, Al-Cu and Al-Cu-Mg are such systems. Unfortunately, the 
moduli of precipitate phases are largely unknown, and can be estimated only 
indirectly, making comparison between experiment and theory difficult. 

The strengthening of alloys by misfitting coherent precipitates occurs as a 
result of the interaction between the stress fields of the precipitates and the dis- 
location. The increase in CRSS due to coherency strengthening is given by [28]; 

/r 3 r \ 0 25 

ACRSS C o = 1.2/ 0 ' 5 (19) 

where 

{&p #Al\ 

\ 0A1 / 

Coherency strengthening can be expected to contribute to strength development in 
alloys, where coherent particles are tetragonally distorted and non-spherical, such 
as in Al-Cu alloys. It has recently been suggested that precipitate-dislocation inter - 


l+ 


2G(1 - 2v p ) 
G P { l+vp) 
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action in Al-Zn-Mg and Al-Zn alloys is governed by coherency strengthening [83]. 
However, limited information is available in the literature on coherency strength- 
ening in aluminum alloys. 

Strengthening by ordered precipitates occurs when a matrix dislocation shears 
an ordered precipitate and creates an antiphase boundary (APB) on the slip plane 
of the precipitate phase. The APB energy per unit area on the slip plane, vapb, rep- 
resents the force per unit length opposing the motion of the dislocation as it 
penetrates the particle. It is a characteristic of alloys strengthened by ordered 
precipitates that dislocations travel in groups, the number of dislocations in the 
group being determined by the number required to restore perfect order in the pre- 
cipitate. The increase in CRSS is given by [75]; 


ACRSSo 


( Ik 2 y APB f >'p \ 

V 128 b 2 T ) 


( 21 ) 


Order strengthening can account for the strengthening in Al-Li alloys, where the 
strengthening phase is ordered ALLi (S') phase. Although in binary Al-Li alloys, 
strengthening was found [30] to be due to combined effect of modulus hardening 
and order strengthening, strengthening due to S' phase in two Al-Li-Cu alloys 
has been found [84] to follow Eq. (21). Also order strengthening was suggested [85] 
to be the strengthening mechanism in Al-Mg-Si alloys with rod shaped ft' 
precipitates. 


1.2.7 Combination of Strengthening Mechanisms 

In commercial alloys, usually more than one strengthening mechanism is in effect. 
For instance, the matrix is rarely pure, but contains solute atoms which are them- 
selves obstacles to glide of dislocations. Other strengthening mechanisms, such 
as grain size effects, may also play a role in the strength of the alloy. Also some 
alloys contain more than one precipitate type, and each will make its own contri- 
bution to the strength of the alloy. 

The total strength of an alloy can be considered as the sum of several 
components; 

er r = Of + E A 07 (22) 

Acrj representing the strength contribution of distinct strengthening mechanisms. As 
mentioned previously, cy is 10 MPa for pure Al. When several precipitate phases are 
present, their combined contribution can be found following a general superposition 
equation [75,84]; 

Ao| = A^ 1 +A^ 2 + A^3 + (23) 

Although q in Eq. (23) is usually assumed to be 2, experimental findings are best 
represented when q is 1.5 [84]. An excellent example of the use of Eqs (22) and (23) 
has been provided in Ref. 82, using an Al-2.5 wt% Li-1.2 wt% Cu-0.7 wt% Mg-0.1 
wt% Zr alloy. The contributions of alloying additions to strength are shown in Fig. 
22. The Al-Li component of the alloy precipitates the ordered S' phase, which pro- 
vides order hardening. The Al-Cu-Mg component of the alloy precipitates S phase 
(Al 2 CuMg), which could give stacking fault, modulus or coherency strengthening. 
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Figure 22 Contributions of alloying elements to the strength of an Al-2.5 wt% Li- 1.2 wt% 
Cu-0.7 wt% Mg-0.1 wt% Zr alloy in solution treated and artificially aged condition. 


Zr addition gives rise to the precipitation of Al 3 Zr dispersoids, which may not pro- 
vide significant dispersion strengthening (due to its low volume fraction). However 
Al 3 Zr dispersoids prevents recrystallization [86], and consequently, give extensive 
grain boundary and subgrain boundary strengthening. The Al-2.5 wt% Li binary 
alloy has a solution treated strength of 30 MPa, but Zr addition increases strength 
to 55 MPa. With Cu and Mg additions, solution treated strength increases to 85 
MPa. Hence the grain size contribution is 25 MPa (55-30), the solution strength- 
ening due to lithium is 20 MPa (30-10), and strengthening due to combined addition 
of Mg and Cu is 30 MPa (85-55). Peak aged strength of Zr containing Al-Li alloy is 
100 MPa, so that Ao> is 45 MPa (100-55). The increase in strength of an Al-1.2 
wt% Cu-0.6 wt% Mg alloy after aging (Acy) is 15 MPa. Therefore a combined 
strengthening on aging of (45 15 + 1 5 1- 5 ) 1 / 1 - 5 — 51 MPa, which is in agreement with 
experimental findings (55 MPa after 24 hr at 190°C). 


2 THE EFFECT OF ALLOYING ELEMENTS ON PROPERTIES OF 
ALUMINUM ALLOYS 

Alloying elements affect properties of aluminum alloys in a variety of ways. If hard, 
nonductile particles of a second phase are formed, strong barriers are produced. 
Edge dislocations are repelled by such particles and screw dislocations have difficulty 
in bypassing them. Even in solid-solution alloys, the ease with which screw 
dislocations may cross-slip is markedly affected, contributing to solid solution 
strengthening. The presence of particles, which constitute strong barriers to dislo- 
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cation movement, affects work hardening rates as well. When particles of a second 
phase are present, the slopes of the stress-strain curves are markedly increased. 

2.1 The Use of Equilibrium Phase Diagrams 

Although few products are sold and used in their equilibrium condition, equilibrium 
phase diagrams are an essential tool in understanding effects of composition and 
both solidification and solid state thermal processing on microstructure. For alumi- 
num alloys, phase diagrams are used to determine solidification and melting 
temperatures, the solidification path, and the equilibrium phases that form and their 
dissolution temperatures. In addition to determining appropriate temperatures for 
casting and thermal treatments, phase diagrams are used to determine the maximum 
levels for ancillary element additions of certain elements to prevent the 
crystallization of coarse primary particles. 

The most important liquid-solid transformations for aluminum alloys are the 
eutectic and the peritectic. The Al-Cu system contains a typical eutectic reaction 
at 548°C, Fig. 23. During solidification of hypoeutectic alloys (those containing less 


Copper, atomic % 



Figure 23 Al-rich corner of Al-Cu phase diagram. Drawn by Dr. Joanne Murray. 
(Courtesy of Alcoa). 
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Figure 24 Al-Cr phase diagram. Drawn by Dr. Joanne Murray. (Courtesy of Alcoa). 


than the eutectic composition, 33.2% Cu), an aluminum rich phase (a-aluminum) 
forms initially. When the temperature falls to the eutectic temperature, the remain- 
ing liquid separates into a-aluminum and an intermetallic compound, AFCu. 
The Al-Cr system exhibits a typical peritectic reaction at 661°C, Fig. 24. During 
solidification of alloys containing more than the peritectic composition, 0.41% 
Cr, but less than 0.77, maximum solid solubility, an intermetallic compound, Al 7 Cr, 
forms first. When the temperature falls to the peritectic temperature, the remaining 
liquid along with the Al 7 Cr transforms to a-aluminum under equilibrium conditions. 
Under commercial solidification conditions, however, the primary particles of Al 7 Cr 
would not have the opportunity to transform to a-aluminum, so they would be 
retained in the solid. 

Virtually all aluminum alloys contain some Fe which is an impurity remaining 
after refining bauxite and smelting. The phase diagram presented in Fig. 25 predicts 
that during solidification of an Al-Fe alloy containing a few tenths of a percent 
of iron, most of the iron remains in the liquid phase until a eutectic of solid solution 
plus Al 3 Fe intermetallic constituent particles having a monoclinic crystal structure 
freezes. Depending on solidification rate and on the presence of other elements such 
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Iron, atomic % 



Figure 25 Al-rich corner of Al-Fe phase diagram. Drawn by Dr. Joanne Murray. (Courtesy 
of Alcoa). 


as Mn, constituent particles of the metastable orthorhombic Al 6 Fe phase may form 
instead of the equilibrium Al 3 Fe. The maximum solid solubility of iron in aluminum 
is 0.05%. 


2.2 Microstructural Features Not Inferred from Alloy-Temper 
Designations 

The alloy designation system defines the alloy content, and the temper designation 
system identifies many of the thermal and mechanical processes which control 
the microstructure and, hence, the bulk properties of aluminum alloy products. 
Nevertheless, many metallurgical features are not specified by these systems. 
The features include non-metallic inclusions, porosity, second phase particles, grain 
and dislocation structure, and crystallographic texture. 
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2.2.1 Inclusions (Oxides) 

These are typically oxides of aluminum, AI 2 O 3 and magnesium, MgO, and the mixed 
oxide, spinel, MgAFO^ Oxides that originate in the crucible and find their way into 
the aluminum part are called “old” oxides, whereas those that form during filling of 
the ingot or castings are called “young” oxides. Old oxides are much thicker than the 
young, can be easily distinguished by microscopy and x-ray analysis. Filtration of the 
molten metal is used to control old oxides, which can give rise to problems ranging 
from pinholes in foil to reduced fatigue life in structural wrought products and 
castings. 

Young oxide films are primarily introduced into aluminum parts as a result of 
turbulence at the fluid surface, which occurs when flow velocity exceeds a critical 
value (0.5 m/sec for aluminum alloys) [87]. When this limit is exceeded, the oxides 
on the flowing surface fold over the outer dry, nonwetting surfaces, and are incor- 
porated into the casting, resulting in an oxide film defect; since there is no bonding 
between the folded oxide layers, these oxide defects are essentially cracks. A young 
oxide film covering over aluminum dendrites is shown in Fig. 26. Grain boundaries 
are one of the expected locations for double oxide films because growing dendrites 
cannot cross these films because of the entrained layer of air. A second likely location 
is on or in many intermetallic compounds. This is because those that precipitate as a 
result of peritectic reactions at temperatures above the general freezing point of the 
alloy have been clearly demonstrated to deposit on oxide films floating in the alloy 
[ 88 ], 

Oxide film defects significantly affect the reliability of parts: (i) bending 
strength of aluminum castings is reduced by as much as 90% when the critical vel- 
ocity is exceeded [87]. This is depicted in Fig. 27, which shows that the bending 



Figure 26 A young oxide film in an A1 casting alloy lying on dendrite tips. (Courtesy of 
Prof. J. Campbell, The University of Birmingham, United Kingdom). 
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Figure 27 Bending strength as a function of gate velocity in A1 castings [Source Ref. 87], 
When gate velocity exceeds 0.5 m/sec, result is a decrease in bending strength by an order 
of magnitude. 


strength of turbulently filled castings is only 10% of that of quiescently filled castings, 
(ii) The scatter in mechanical properties, which is mainly due to the formation of 
oxide defects, is greatly affected by how the molten metal fills the mold cavity, 
especially in the early stages of filling [89]. (iii) Oxide defects can be as small as 
10~ 6 m in width, with film thickness as low as 10~ 8 m [89]. Therefore the sensitivity 
of current non-destructive inspection techniques is not adequate to detect all 
entrained oxides [90]. (iv) The harmful effect of oxide defects might become even 
more pronounced by heat treating the aluminum part to the peak aged condition 
(T6), subsequently increasing strength at the expense of ductility [90]. (v) It is esti- 
mated [91] that 80% of scrap in aluminum castings is the result of oxide cracks 
created during mold-filling, (vi) The presence of oxide film defects decrease fatigue 
life of aluminum components by several orders of magnitude [92]. The contribution 
of oxides to failure will be discussed later in this chapter. 

2.2.2 Porosity 

Porosity reduces ductility and increases susceptibility to the initiation of fatigue 
cracks. An SEM micrograph of such crack-initiating porosity is presented in Fig. 28. 
Porosity may arise from either shrinkage during solidification or from hydrogen in 
solution in the metal. Hydrogen pores are usually spherical whereas shrinkage 
porosity is more elongated, and consequently affect mechanical properties more 
adversely than the hydrogen pores. Hydrogen control during solidification is 
extremely important because of the 10-fold decrease in the solubility of hydrogen 
in aluminum as it solidifies. Hydrogen induced porosity can also occur in solid alumi- 
num products when they are heated to high temperatures in humid environments. 

Real time x-ray radiography has shown [93] that the overriding factor in gen- 
eration of porosity is surface turbulence during filling; oxides entrained into the 
aluminum bulk provide heterogeneous nucleation sites for hydrogen. Therefore 
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Figure 28 Porosity that served as a fatigue crack initiator in Al-Si casting alloys. (Courtesy 
of Dr. O. Wang, Worcester Polytechnic Institute). 


it is now suggested [93] that a double requirement be made for the content of 
dissolved gas in the melt to be high, but the gas porosity level to be low. This will 
ensure that the damaging but undetectable oxide film defects are effectively labeled, 
and made plainly visible on x-ray radiographs and polished sections by the precipi- 
tation of dissolved gas. 

Provided that the porosity content is low enough, most of the porosity can be 
closed by thermal mechanical treatments. Isostatic pressure can be used to close 
the pores in castings, and conventional forging and extrusion are effective in healing 
ingot porosity. In aluminum castings, for the isostatic pressure processing to give 
best results, the density of oxide film defects in the casting has to be at a minimum 
[90]. Porosity in thick rolled products is particularly difficult to close because tensile 
stresses may arise during rolling of thick plate. With additional rolling to thinner 
plate and sheet, the pores eventually heal. 

2.2.3 Second Phase Particles 

These are divided into four classes based on their mode of formation and their ability 
to be dissolved: primary particles, constituents, dispersoids, and precipitates. 

Primary Particles 

These particles form when some phase other than aluminum solid solution separates 
first from the melt. Primary silicon particles, as presented in Fig. 29, form in castings 
when hypereutectic Al-Si alloys solidify by eutectic decomposition. Ductility 
decreases with increasing size of the silicon particles, so control is important. 
The coarse, faceted primary Si particles are refined to spherulitic using additives 
containing phosphorous. In certain casting alloys and 8XXX wrought alloys, pri- 
mary Fe-bearing constituents can form if the alloying content is such that the alloy 
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Figure 29 Primary Si particles in hypereutectic Al-Si alloys. (Courtesy of Prof. J. E. 
Gruzleski, McGill University, Canada). 



Figure 30 Constituent particles in alloy 2024 sheet. Reprinted from Ref. 95. (Courtesy of 
Alcoa). 


is hypereutectic. In wrought alloys, macroscopically large, undesirable primary 
particles of Al 7 Cr, Al 3 Ti, or Al 3 Zr may form by a peritectic reaction, if chemical 
composition is not closely controlled. 

Constituents 

These are intermetallic compounds which form by eutectic reaction during 
solidification, or essentially pure silicon which forms during solidification of 
hypoeutectic Al-Si alloys. Constituent particles in alloy 2024 sheet are shown in 
Fig. 30. One class, the insoluble constituents, are composed of either iron or silicon 
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plus another alloying element. They may include aluminum as one of the com- 
ponents [94,95] (e.g. Al 7 Cu 2 Fe). The volume fraction of insoluble constituents after 
preheating cannot be modified by dissolution because of the low solubility of con- 
stituent phases. Depending on the iron level and the temperature of thermal pro- 
cessing, however, Al-Fe particles may transform from one phase to another. 
Although silicon has appreciable solubility in aluminum, its solubility is decreased 
by alloying elements, particularly magnesium. Consequently, while soluble in some 
alloys, Mg 2 Si is virtually insoluble in alloys such as 7075. 

The size and size distribution of insoluble particles which do not undergo a 
phase transformation are controlled by the rate of ingot solidification, the chemical 
composition, and the extent and nature of bulk deformation. Particle size decreases 
as solidification rate increases, as iron and/or silicon content decreases, and as 
the amount of deformation increases [94,95]. The diameter of constituents depends 
on solidification rate and thermal-mechanical history, but is usually from 1 to 30/im. 
In hypoeutectic 3XX.0 and 4XX.0 castings, modification by elements such as 
strontium significantly refines the flake structure of the silicon particles to a finer 
fibrous morphology. 

Intermetallic constituent particles which do not contain iron may be highly 
soluble or sparsely soluble depending on the solute content of the alloy. For example, 
the composition of alloy 2024 is broad enough that fully solution heat treated prod- 
ucts may contain (i) both AFCu and AFCuMg particles; (ii) either AFCu or 
AFCuMg particles; or (iii) none of these particles. Also AFCuMg can readily be 
dissolved in 7075, but it is more difficult to dissolve in 7050. Moreover, Mg 2 Si 
particles, which are insoluble in 7075, are highly soluble in 6013. 

One purpose of the process referred to as ingot preheating or homogenization 
is to dissolve the lacy network of soluble constituents. In as-cast ingot, the particles 
may either be equilibrium or metastable phases. During ingot preheating, the equi- 
librium phase particles may grow by precipitation of atoms from a supersaturated 
solution while the metastable phase particles may transform to equilibrium phase 
particles. During fabrication of the ingot, the insoluble particles along with any 
undissolved soluble particles can be broken into smaller pieces and aligned parallel 
to the major axis of working. 

Constituent particles have a noncoherent interface with the matrix, and are too 
coarse to interfere with the movement of dislocations or grain boundaries. Conse- 
quently they provide no strength increase. One exception may be Al-Fe-Si alloys; 
in an unpublished study [49] on Al-0.05 wt% Si-Fe alloys, where Fe content ranged 
from 0.15 to 1.17 wt%, the yield strength of the annealed alloy was found to increase 
by approximately 7 MPa/vol% constituent. Constituent particles may serve as sites 
for particle stimulated nucleation of recrystallization. 

Constituents are generally detrimental to the fatigue resistance and fracture 
toughness of high-strength alloy products [96]. These particles fracture at relatively 
low plastic strains (25—50% of constituent particles are cracked after 7% plastic 
strain in uniaxial tension [31]) and provide low energy sites for the initiation 
and growth of cracks. Constituents are tolerated in commercial alloys because their 
elimination would necessitate a significant cost increase [94]. In high toughness 
aluminum alloys such as 7475 or 2124, the iron and silicon levels are deliberately 
controlled at low levels. Al 7 Cu 2 Fe is the predominant constituent observed in 
Al-Cu-Li alloys. Despite the harmful effects of constituents in high-strength alloys, 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Effect of Alloying Additions in Aluminum Alloys 


123 


Table 6 Constituents in Some Wrought and Cast Aluminum Alloys 


Alloy 

Observed Constituent Phases 

1350 

Ali 2 Fe 3 Si, Al 6 Fe 

2014 

Al 4 CuMgSi 4 , Al 12 (Fe,Mn) 3 Si 

2X24 

Al 7 Cu 2 Fe, Al 12 (Fe,Mn) 3 Si, Al 2 CuMg, Al 2 Cu, Al 6 (Fe,Cu) 

2X19 

Al 7 Cu 2 Fe, Al 12 (Fe, Mn) 3 Si, Al 2 Cu 

2090 

Al 7 Cu 2 Fe 

2091 

Al 7 Cu 2 Fe, Al 3 Fe, Al 12 Fe 3 Si 

2095 

Al 7 Cu 2 Fe, Al 2 CuLi, Al 6 CuLi 3 

3 XXX 

Al 6 (Fe,Mn), Al 12 (Fe,Mn) 3 Si 

5083 

Mg 2 Si, Al 12 (Fe,Mn) 3 Si, Al 7 Cr 

6013 

Al 12 (Fe,Mn) 3 Si 

6061 

Mg 2 Si, Al 12 (Fe,Mn) 3 Si 

7X75 

Al 7 Cu 2 Fe, Al 12 (Fe,Mn) 3 Si, Al 6 (Fe,Mn), Mg 2 Si, Si0 2 t 
Al 23 CuFe 4 f 

7X50 

Al 7 Cu 2 Fe, Mg 2 Si, Al 2 CuMg 

7055 

Al 7 Cu 2 Fe, Mg 2 Si 

7079 

Al 6 (Fe,Mn,Cu), Mg 2 Si 

8090 

Al 3 Fe 

319 

Si, Al 5 FeSi, Al 15 (Fe,Mn) 3 Si 

A357 

Si, Al 8 FeMg 3 Si 6 , Al 5 FeSi 


t; Ref. 97. 


the ability of alloy 3004-H19 to make commercially successful beverage relies on 
careful control of size, volume fraction, and distribution of Ali 2 (Fe,Mn)Si constitu- 
ent particles. 

Phases which have been observed to be insoluble and sparsely soluble constitu- 
ent particles in products of some aluminum alloys are presented in Table 6. Higher 
purity versions may not have all of the insoluble constituents present. 

Dispersoids 

Aluminum combines readily with the transition metals, chromium, manganese, and 
zirconium to form intermetallic phases with little or no solubility in the aluminum 
matrix. Because of their slow diffusivity in aluminum, these alloying additions form 
very small precipitates, less than 1 micron in size, either during solidification or ingot 
preheat. This fine distribution of precipitates, called dispersoids, delays or prevents 
static recrystallization during processing, and because they are strung out in the 
working direction (a process called mechanical fibering), they aid in retaining 
the elongated or pancake shaped grains that develop during working. Dispersoids 
have dual, but contradictory roles; they suppress recrystallization or limit the move- 
ment of grains, favoring the transgranular mode of fracture associated with the 
highest energy absorption, but also nucleate microvoids by decohesion at the matrix 
interface, leading to the formation of void sheets between larger voids [98]. Con- 
sequently, careful control of dispersoids is important. Dispersoids found in several 
commercial alloys, and pinning of a grain boundary by dispersoids, are shown 
in Fig. 31. 
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AI 12 Mg 2 Cr d AI 3 Zr 



Figure 31 Dispersoids in alloys (a) 2024; (b) 6013; (c) 7075; (d) 7050; and (e) 3004. 
Dispersoids pin grain boundaries during the recrystallization as shown in (e). Reprinted from 
Ref. 95. (Courtesy of Alcoa). 
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Table 7 Dispersoids in Aluminum Alloys 


Alloy 

Dispersoid 

2X24 

AI 20 C u 2 M n 3 

5083 

Al„Cr2, Al 6 (Fe,Mn) 

6013 

Al 12 Mn 3 Si 

7046 

Al 3 Zr 

7X75 

Al 12 Mg 2 Cr 

7X50 

Al 3 Zr 

7055 

AljZr 

2090 

Al 3 Zr 

2091 

Al 3 Zr 

2095 

Al 3 Zr 

8090 

Al 3 Zr 

3003 

Al 12 (Mn,Fe) 3 Si, Al 6 (Mn,Fe) 


The effectiveness of a particular dispersoid in controlling the grain structure 
depends on its size, spacing, and coherency. Small particles (normally less than 
0.4 /mi in diameter) retard discontinuous recrystallization by pining subgrain bound- 
aries and preventing subgrain coalescence. Small, closely spaced particles have the 
greatest effect in retarding recrystallization. Coherent dispersoids (e.g. Al 3 Zr) 
are more effective than the incoherent dispersoids (e.g. Ali 2 Mg 2 Cr and Al 2 oMn 3 Cu 2 ) 
in inhibiting boundary migration, because the dispersoid-matrix interface must 
either change from coherent to semicoherent or incoherent as the boundary passes 
the dispersoid, or alternatively, dissolve and reprecipitate after the boundary passes 
through its local. Both processes require considerable energy. Incoherent dispersoids 
giving high interfacial energies tend to be located at the grain boundaries, and are 
effective initiators of failure due to cavitation under creep loading at high tempera- 
tures [99]. A number of casting alloys, and some wrought alloys, contain elements 
which can form either constituents or dispersoids depending on the solidification 
rate. Dispersoids found in some aluminum alloys are listed in Table 7. Note in Table 
7 that the most common dispersoid in high strength aluminum alloys is Al 3 Zr (/?'). 
Alloying additions of less than 0.18 wt% Zr, result in approximately spherical 
/?', as shown in Fig. 31(d), due to its low misfit with the A1 matrix (~0.6% [100]). 
/?' can be coherent, or semi coherent depending on process history [101]. 

Precipitates 

These particles can form during any thermal operation below the solvus. In properly 
solution heat-treated products, all precipitates dissolve during the solution heat 
treatment operation. Depending on quench rate and alloy, precipitates may form 
during the quench from the solution heat treatment temperature at grain and 
subgrain boundaries and at particle-matrix interfaces. These coarse precipitates 
do not contribute to age hardening, and may serve to reduce properties such as 
ductility and fracture toughness. After the quench, Guinier-Preston (GP) zones form 
at ambient temperature (natural aging). These are agglomerates of atoms of the 
major solute elements with a diffuse, coherent boundary between the GP zone 
and the matrix. During elevated temperature precipitation heat treatments (artificial 
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aging) GP zones may either nucleate metastable precipitates, or they may dissolve, 
and metastable precipitates nucleate separately. Cold working subsequent to 
quenching introduces dislocations which may serve to nucleate metastable or equi- 
librium precipitates. With prolonged artificial aging, equilibrium precipitates 
may form. Coarse equilibrium precipitates form during annealing treatments 
of heat-treatable alloy products, O temper. They also form during most thermal- 
mechanical treatments prior to solution heat treatment, and during a slow quench 
from solution treatment temperature. 

precipitate morphology. High tensile yield strength is frequently associated 
with alloys containing intrinsically strong, plate shaped precipitates with {lll} a 
and {100} a plates and large aspect ratios [70]. The high tensile strengths observed 
in Al-Cu-Li (2090) and Al-Cu-Li-Mg-Ag (2095) alloys may be attributed to a uni- 
form distribution of T1 precipitate plates of high aspect ratio (70:1) formed on 
{111}« planes. Also an Al-Cu-Mg-Ag alloy, hardened with thin plates of Q phase 
on the { 1 1 1 } a planes, with an aspect ration of 30: 1 , may develop high values of tensile 
yield strength. Furthermore, the well-known high strength of Al-Zn-Mg-Cu alloys is 
associated with the combined effect of number density and aspect ratio of plates of 
the phase >f, which also form on the {111}„ planes [70]. The matrix strengthening 
precipitates in some aluminum alloys are presented in Table 8. Note that T1 in 
Al-Cu-Li alloys is an equilibrium phase, and so is an exception to the generality 
that equilibrium precipitates do not appear until overaging begins. 

quench sensitivity. All heat treatable, high-strength aluminum alloy prod- 
ucts progressively lose their ability to develop the maximum strength attainable with 
a particular aging treatment as rate of cooling from the solution treatment tempera- 
ture decreases. This quench sensitivity is attributed to loss of solute by precipitation 
during the quench as coarse, heterogeneously nucleated particles of the equilibrium 
phase and to loss of vacancies to sinks. Quench sensitivity is higher in the more 
concentrated alloys, and enhanced in alloys containing incoherent particles whose 


Table 8 Major Precipitates Observed in Some Aluminum Alloys 


Alloy-Temper 

Major Precipitates 

2X24-T3, T4 

G-P zones 

2X24-T6, T8 

S' = precursor to S, ALCuMg 

2X19-T8 

O' = precursor to 0, ALCu 

6013-T6 

Q = Al 5 Cu 2 Mg 8 Si 6 

7X75-T6 

rf = precursor to tj, MgZn 2 or Mg(Zn,Cu,Al) 2 

7X75-T76 

i?'; ’1 

7X75-T73 

0 

7050-T76 

o’ 

7050-T74 

0 

7150-T6 

o' 

7150-T77 

r{\ )/ 

7055-T77 

7 '; 0 

2090-T8 

T, = ALCuLi; S' = Al 3 Li 

2095-T6, T8 

Tj; O' 

2091-T3 

S’- Ti 

8090-T8, T7 

S'; S' 
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Figure 32 Effect of dispersoid type and solute level on quench sensitivity of 7XXX-T6 sheet 
as a function of cooling rate calculated between 400°C and 290°C. 


interfaces serve as nucleation sites for heterogeneous precipitation for precipitates. 
The effect of dispersoid type on quench sensitivity is depicted in Fig. 32, which shows 
yield strength as a function of average cooling rate (400-290°C) and dispersoid type 
(Ali 2 Mg 2 Cr vs. Al 2 oCu 2 Mn 3 ) in Al-Zn-Mg-Cu alloy sheet in a T6 temper [95]. 
The effect of dispersoid type on strength quench sensitivity in 7XXX alloy products 
is attributed to their relative abilities to nucleate rj at elevated temperatures. In 2X24 
alloys, Al 20 Cu 3 Mn 2 dispersoids nucleate dislocations at the particle-matrix interface 
during the quench. These dislocations serve as nucleation sites for subsequent 
precipitation. Consequently, alloys that contain Cr and Mn as dispersoid-forming 
elements are more quench-sensitive (Cr containing dispersoid causing the greatest 
increase in quench sensitivity [71]) than those that contain Zr, which forms a coher- 
ent dispersoid. Nucleation is difficult on coherent interfaces, so the newer alloys 
are less quench sensitive. 

Aging practice can also affect quench sensitivity. For production reasons, the 
practice that provides the target properties in the shortest controllable time is 
preferred, and most aging treatments are developed using this criterion. The material 
used to develop the aging practice is usually quenched at a high rate, and such 
material can develop high strength with short aging times at relatively high aging 
temperatures. Neither aging at lower temperatures nor preceding the high tempera- 
ture aging treatment by one at a lower temperature has any significant effect on 
strength of the rapidly quenched material. When products of the same alloy are 
quenched at a low rate, however, strength can be substantially affected by such modi- 
fications in the aging practice. This behavior is schematically described in Fig. 33 
[95]. The decrease in strength of slowly quenched material aged by the standard 
practice is attributed to a loss of solute atoms and to vacancy depletion. The portion 
of the strength decrease attributable to vacancy depletion is the amount that can be 
regained by lower temperature aging treatments, i.e. the difference between the 
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Figure 33 A schematic illustration of the effect of aging treatment on quench sensitivity of a 
high strength aluminum alloy product. 


two curves in Fig. 33. This behavior is believed to occur because vacancy depletion 
by slow quenching lowers the temperature below which homogeneous nucleation 
is possible, T v , Fig. 34. When the aging temperature is below T v , the precipitates 
are coarser, and more widely spaced than those produced at high aging temperatures 
below T y . Consequently, preceding the standard aging treatment by an aging step at 
a temperature below T v can improve the precipitate distribution and increase 
strength of material quenched at a low rate. The effects of quench path on the ability 
to develop strength are discussed in Chapter 9. 

HETEROGENEOUS NUCLEATION OF PRECIPITATES AND PRECIPITATE FREE ZONES. 
Flomogeneous nucleation of the equilibrium phase is normally very difficult because 
of high interfacial energy. This barrier can be overcome by (i) a precipitation 
sequence that involves several metastable phases having lower interfacial energy, 
e.g. GP zones; or (ii) heterogeneous nucleation at defects which accommodate 
the precipitate. In defect-aided nucleation, sites are not determined by statistical 
fluctuations, but by the type, density, and distribution of effective defects [64]. 
Vacancy-aided nucleation comes closest to homogeneous nucleation; it may produce 
very fine particles if small vacancy clusters, rather than dislocation loops, determine 
the sites. The high rate of nucleation and growth of precipitates in aluminum alloys 
at aging temperatures is attributed to retention of vacancies which are in equilibrium 
at the solution temperature. Due to vacancies, GP zone formation at low tempera- 
tures occurs at a rate many orders of magnitude greater than that expected from 
diffusion at high temperatures (e.g. 10 7 times the anticipated rate in Al-Cu alloys 
[15]). 

In nucleation at dislocations and grain boundaries, the precipitate distribution 
depends on the distribution of nonequilibrium defects. Slow cooling allows some 
vacancies to be lost at sinks and precipitates to nucleate at grain boundaries. 
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Figure 34 A schematic illustration of the effect of vacancies on possibility of homogeneous 
nucleation. Increasing quench rate moves T v closer to T c . 


Dislocations split into two partial dislocations, which form a stacking fault with an 
hep structure, and this may result in the segregation of the solute to the fault. A 
precipitate may nucleate at the stacking fault if this phase and the fault have 
the same crystal structure [15]. An example is the hexagonal / phase in 
aluminum- silver alloys [102]. Silver in solid solution reduces the stacking fault 
energy of aluminum significantly. Consequently Frank sessile dislocations, which 
contain a stacking fault within, are stable immediately after quenching. Also helical 
dislocations introduced during quenching degenerate on aging into long, narrow 
stacking faults as a result of localized silver enrichment. The stacking faults then 
act as nuclei for / phase. 

The nucleation and growth of precipitates at dislocations is usually most evi- 
dent when the degree of supersaturation or undercooling is low, or when the dis- 
location density is high. Under certain circumstances, however, a relatively low 
initial density of dislocations may have an unexpectedly large effect on the overall 
decomposition process, through the ability to instigate repeated nucleation. 

The formation of precipitate free zones (PFZ) is usually due to solute and 
vacancy depletion in the environment of grain boundaries. A PFZ in an Al-Zn-Mg 
alloy is presented in Fig. 35, which shows if precipitates in the matrix and i] 
precipitates at the grain boundary. PFZs also occur around coarse dispersoids 
[103,104], which may act as heterogeneous nucleation sites for precipitates during 
a slow quench. PFZs usually get narrower for higher solution treatment tempera- 
tures and faster quenching rates, both of which increase the excess vacancy content. 
When the PFZ is mainly a result of a depletion in vacancies, low temperature aging 
is sometimes effective in decreasing the PFZ width by supporting nucleation. 
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Figure 35 Precipitate-free zones in an Al-Zn-Mg alloy. (Courtesy of Prof. E. A. Starke, Jr., 
University of Virginia). 


For example, an aging temperature of 93°C eliminates PFZs in an Al-Zn-Mg-Cu 
alloy even when cooled very slowly (2°C/sec) from solution treatment temperature 
[104]. PFZs in 2XXX and some 8XXX alloys can be eliminated by dislocation-aided 
nucleation provided by cold work prior to aging [64]. 

2.2.4 Grain Structure 

The grain size of aluminum alloy ingots and castings is typically controlled by the 
introduction of inoculants which form intermetallic compounds containing Ti 
and/or B. During deformation processing, the grain structure becomes modified. 
Most aluminum alloy products undergo dynamic recovery during hot working. 
Static recrystallization may occur between or following rolling passes; alloys con- 
taining high amounts of Mg (lowers the stacking fault energy) may recrystallize 
dynamically during deformation processing. During deformation, the crystal lattice 
of the aluminum matrix rotates at its interfaces between constituent and coarse 
precipitate particles. These high energy sites serve to nucleate recrystallization. This 
process is termed particle stimulated nucleation (PSN), and is an important mech- 
anism in the recrystallization process of aluminum. The particle size which will serve 
as a nucleus decreases as deformation temperature decreases and strain rate increase. 
Dispersoid particles retard the movement of high angle grain boundaries. Con- 
sequently, hot worked structures are resistant to recrystallization and often retain 
the dynamically recovered subgrain structure in the interiors of elongated cast grain 
boundaries. In heat treated products containing a sufficient quantity of dispersoids, 
the unrecrystallized structure of hot worked plate, forgings and extrusions may 
be retained after solution heat treatment. Degree of recrystallization of hot worked 
products has an effect on fracture toughness. Recrystallized products develop lower 
toughness than do products which are either partially or completely recrystallized. 
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This behavior is attributed to precipitation on the recrystallized high angle grain 
boundaries during the quench. These grain boundary precipitates, along with the 
PFZs which accompany them, increase the tendency for low energy intergranular 
fracture. Products such as sheet, rods, and tubing which are cold rolled almost 
invariably recrystallize during solution heat treatment or annealing to O temper. 
It was mentioned above that grain size is not a major factor in increasing strength 
in commercial alloys. Several measures of formability are influenced by grain size, 
however, so grain size is controlled for this reason. One particular use of grain size 
control is to produce stable, fine grains, < 10 micrometers, which help develop 
superplastic behavior in aluminum alloy sheet. 

2.2.5 Crystallographic Texture 

Cast aluminum ingots and shapes generally have a random crystallographic texture. 
With deformation, certain preferred crystallographic orientations develop. For flat 
rolled products and extrusions having a high aspect ratio of width to thickness, 
the deformation texture is similar to that in pure face centered cubic metals. 
The predominant textures are { 1 10}[1 12], { 123}[634], and { 1 12}[1 1 1], In extruded 
or drawn rod or bar, the texture is a dual fiber texture in which almost all grains 
are aligned so that the grain directions are either [001] or [111]. During 

recrystallization, a high concentration of grains in the {001}[100] (cube) or 
{Oil }[1 00] (Goss) orientations may develop, especially in high purity alloys. In 
alloys with substantial volume fractions of constituent phases, PSN of 
recrystallization will tend to promote a more random texture. 

Control of crystallographic texture is particularly important for nonheat- 
treatable sheet which will be deep drawn by customers. If texture is not random (and 
it rarely is), ears will form during the drawing process. In processing 

nonheat-treatable alloy products such as 3004-H19 can sheet, earing is controlled 
by balancing the cube texture developed during annealing with the deformation 
textures producing by rolling to the final temper. In heat-treatable alloys, texture 
has the most potent effect on the properties of extrusions which have a strong dual 
fiber texture. Strengthening by this process is so potent that the longitudinal yield 
strengths of extruded products exhibiting this texture are about 70 MPa (10 ksi) 
higher than strength in the transverse direction. If this texture is lost by 

recrystallization, strength in the longitudinal direction decreases to that in the 

transverse directions. 


2.3 Mechanical Behavior of Aluminum Alloys 

Parts fail usually due to improper design of the component (e.g. at sharp radii in the 
part), due to environmental effects (due to corrosion), or mechanically by the 
initiation of cracks from their most serious defects. Provided that the part has been 
properly designed and environmental effects are taken into consideration, material’s 
performance can be improved, if the defects contributing to mechanical failure are 
eliminated. Hence, strength and durability are then limited by the next most serious 
family of defects. When each family of defect has been removed, the material will 
fail from metallurgical features, such as the large intermetallic compounds or other 
brittle phases which might be present. Finally, if these in turn are removed, we have 
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Figure 36 Correlation between fatigue crack initiators and fatigue life distributions for 
turbulently filled (open symbols) and quiescently filled (solid symbols) aluminum castings. 
(Reprinted from Ref. 92). (Courtesy of Prof. J. Campbell, The University of Birmingham, 
United Kingdom). 
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the ultimate resistance to failure as dictated by the metallurgy of the alloy, i.e. resist- 
ance to slip, grain size, etc. Hence there is a hierarchy of defects and microstructural 
features, which determine the mechanical behavior of alloys. 

To understand the causes of failure in most manufactured components, it is 
essential to identify those features which might have direct precedence in the 
hierarchy. Such a hierarchy is clearly seen in the fatigue life versus probability 
of failure plot in Al-Si-Mg alloy castings, presented in Fig. 36 [92]. Note in Fig. 
36 that, failure due to different crack initiators have distinctive slopes. There is 
an ultimate curve somewhere in the vicinity of the four points with the highest fatigue 
life. Therefore the majority of the fatigue failures are approximately a factor of 100 
lower than what could be obtained in a defect-free material. Oxide films seem to 
be at the top of the hierarchy of defects, followed by porosity, although, of course, 
it is to be noted that these two defect types are often practically indistinguishable 
because the porosity is sometimes merely the local divergence of an enfolded oxide 
film. Reducing the size of shrinkage defects in cast alloys will increase the fatigue 
life, but only up to the stage at which initiation from persistent slip bands on 
the surface becomes operative [105], In wrought alloys, microporosity and constitu- 
ent particles affect fatigue resistance most [106]. In other words, microporosity 
and constituents were found to reside at the top of the hierarchy. 
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Figure 37 Staley’s Toughness Tree (Source Ref. 107). Toughness is determined by a com- 
bination of intrinsic and extrinsic factors. 


Effects of metallurgical features on fracture toughness, however, are not 
hierarchical. Staley’s Toughness Tree [107], which shows intrinsic and extrinsic 
factors affecting the toughness of aluminum alloys, is presented in Fig. 37. This 
figure is an effective tool for classifying the contribution of microstructural features 
to toughness. The metallic and nonmetallic inclusions on the right-hand-side are 
treated as extrinsic effects, because they are considered to be extraneous to the fea- 
tures imposed by the physical metallurgy of the material. On the other hand, 
the features on the left of the tree are not defects but are features of the 
microstructure of the alloy. They can be controlled by the composition and by both 
solidification and deformation processing. The distribution of microstructural fea- 
tures as well as their volume fraction are significant in both initiating damage, 
as in the case of void nucleation at hard particles strongly bonded to the matrix, 
and in defining the distribution of voids and microcracks [108]. The distribution 
determines the strains and the overall damage levels, at which a critical size of defect 
can develop, and result in fracture. 

2.3.1 Mechanisms of Fracture 

The gliding motion of dislocations can lead to homogeneous or a highly localized 
distribution of strain. Localization can be transcrystalline and intercrystalline 
(crossing or along grain boundaries). Fracture is usually easier when strain 
localization at both locations occurs. Transcrystalline localization is favored by 
a high level of CRSS due to shearable obstacles. Shearing leads to a reduction 
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of their cross-section, and therefore to a local reduction of the resistance to the 
motion of n additional dislocations, unless they pile up at an obstacle like a grain 
boundary. Slip weakens the initial slip planes, and slip will continue on these 
preferred planes until the back stress due to dislocation pile-ups restores the original 
strength on the particular planes. The number of dislocations, N, that pass on a 
typical plane from the time deformation begins until local slip ends can be used 
as an indicator of slip localization [109]. N increases with increasing volume fraction 
and size of shearable particles, and increasing grain size [53]. If the pile-up stress, r p , 
exceeds the crack nucleation stress at the grain boundary, intergranular fracture 
starts. This type of strain localization does not have a significant effect on the yield 
strength [110], but generally has a deleterious effect on the toughness. Intense slip 
bands can act as stress concentrations across grain boundaries, leading to premature 
intergranular failure or premature transgranular failure in the coarse slip bands [65]. 

When fracture is transgranular, precipitate type (underaging versus overaging) 
has little effect on the combination of strength and toughness that is developed; 
lower-strength tempers provide higher toughness. Quenching or aging treatments 
that increase the amount of intergranular fracture, however, decrease toughness with 
no effect on strength or tensile elongation [111,112], 

Increasing the degree of aging from the underaged up to peak-strength con- 
dition always leads to a monotonic decrease in fracture toughness [113]. Overaging 
beyond the peak-aged condition can, however, lead either to a significant restoration 
of the toughness, to small recovery, no recovery, or even a decrease in toughness. 
Restoration of toughness is observed in materials in which matrix microstructure 
dominates fracture, and small or no recovery, and, particularly, a loss in toughness, 
is observed in materials in which grain boundary microstructures dominate. The 
type of behavior depends upon the alloy composition. In general, 2XXX and 7XXX 
alloys tend to show the behavior indicated in Fig. 38(a), while Al-Li alloys with high 
Li contents tend to show the behavior of Fig. 38(b). Fracture toughness is strongly 
affected by the extent of precipitation on grain boundaries. 

Intercrystalline localization at room temperature is intensified by both the 
extent of precipitation on grain boundaries and the PFZs. Effects of precipitation 
on grain boundaries on fracture toughness is shown in Fig. 39 for two experimental 
aluminum alloys [114,115], which show full intercrystalline fracture. The higher 
the strength of the material, the higher the tendency to intensify intercrystalline slip 
because the difference in the yield stress between the interior and the PFZ pro- 
gressively increases (up to ~600 MPa) [53]. Hence fracture takes place by localized 
yielding in PFZ. 

Aluminum alloys which exhibit the highest fracture toughness at a particular 
strength level are designed and fabricated to minimize strain localization. They gen- 
erally display ductile fracture associated with crack nucleation at intermetallic con- 
stituent particles followed by void nucleation and coalescence at dispersoid 
particles as discussed in the following section. 

2.3.2 Void and Crack Formation 

The most critical stage in controlling fracture toughness of high-strength aluminum 
alloy products is in controlling the initiation of voids [116]. Most models of void 
initiation involving particles rely on the premise that the particles offer interfaces 
that decohere or fracture internally due to deformation-induced internal stresses 
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Figure 38 Toughness-strength relationships and accompanying crack formation as a func- 
tion of temper, (a) less pronounced toughness variation from underaged -»• peak aged -»■ 
overaged; and (b) significant variation in toughness from underaged -* peak aged -»■ overaged 
condition. 


50 



la 

[i. 


10 1 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 07 

Area Fraction of Crain Boundary Precipitates 

Figure 39 Variation in fracture toughness with area fraction of grain boundary pre- 
cipitates, at constant matrix yield strength, using data for Al-3 wt% Li-0.5 wt% Mn from 
Ref. 114, and Al-6 wt% Zn-3 wt% Mg from Ref. 115. 
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arising from the differences in deformation resistance between matrix and particle. 
However, bonding strength between the matrix and the particle is a very important 
factor in determining void nucleation [117], In alloys containing strongly bonded 
particles, the yield stress is normally only a fraction of the cohesive strength between 
the particle and matrix. Consequently, some plastic deformation is necessary to con- 
centrate stress on the interface or inside the particles. With decreasing particle size, 
tendency for void nucleation at the interface can be reduced. Very small particles 
cannot nucleate a cavity since the elastic strain energy stored around them is 
not sufficient for producing the surface energy of the cavity. 

Constituents, dispersoids and precipitates all influence fracture toughness, 
fatigue-crack growth at intermediate and high level of stress intensity under con- 
stant-amplitude loading, and fatigue-crack growth under spectrum loading [118]. 
Constituents produce incipient cracks when they either fracture or separate from 
the matrix under stress. These incipient cracks reduce the energy to propagate a 
crack, thus decreasing both fracture toughness and resistance to growth of fatigue 
cracks. Constituents affect fatigue-crack initiation at low stress levels, even though 
they may not fracture or separate from the matrix. Constituents increase the local 
stress, which increases the probability of introducing coarse, persistent slip bands. 

The size of second phase particles affects average crack advance per cycle. This 
is illustrated in Fig. 40, which shows incremental crack advance relative to the size of 
constituents, dispersoids and precipitates in constant amplitude crack growth tests of 
Al-Zn-Mg Cu alloy sheet [1 1 1]. High volume of constituents may improve resistance 



Figure 40 The effect of second phase particles on average crack advance per cycle (Source 
Ref. 111). 
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Figure 41 The effect of volume fraction of constituent on crack growth rate as a function of 
crack length. 


to fatigue crack growth under particular conditions of variable amplitude loading 
where large tensile overloads are applied. The effect of volume fraction of constitu- 
ent on crack growth rate as a function of crack length is schematically presented 
in Fig. 41. Secondary cracks nucleated at constituent-matrix interface are higher 
in number in the high constituent alloy, and delay the growth of the primary crack, 
until it finally comes out of the influence of the secondary cracks. 

Dispersoid particles decrease the energy to propagate a crack by initiating 
microvoids, which coalesce and link the incipient cracks formed at constituents. 
Flence they can influence fracture toughness, fatigue-crack growth. Precipitates 
(as in Al-Zn-Mg-Cu alloys) affect toughness by their effects on strength and fracture 
mode. Toughness and high-strain amplitude fatigue life generally increase as 
strength decreases, by either underaging or overaging, and are higher when the 
fracture mode is transgranular. On the other hand, increasing strength increases 
fatigue life at low strain amplitudes. With low levels of cold work and with under- 
aged and peak-aged tempers, the toughness and resistance to fatigue-crack growth 
of Al-Cu-Mg-Mn alloys increase as strength increases. High levels of cold work 
in naturally aged tempers provide superior combinations of strength and resistance 
to fatigue-crack growth, however, in overaged tempers provide inferior com- 
binations of strength, toughness and resistance to fatigue-crack growth. In Al-Li 
alloys, the high volume fraction of coherent, ordered Al 3 Li precipitates increases 
both the elastic modulus and the resistance to fatigue-crack growth at intermediate 
levels of stress intensity. However the presence of these precipitates substantially 
increase the planarity of slip. This results in alloys with low fracture toughness, 
low fatigue-crack growth resistance at high levels of stress intensity, and short 
fatigue life at high plastic strain. 
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2.4 Major Alloy Systems 

2.4.1 Al-Fe-Si Alloys 

Fe is the most common impurity found in Al. It has a high solubility in molten A1 but 
in solid Al, the maximum solubility of Fe is very low; approximately 0.05%, as 
depicted in Fig. 25. Therefore any Fe beyond solubility limit forms constituents 
at grain and cell boundaries. The Al-Fe phase diagram in Fig. 25 predicts that 
the Fe will be present in the form of the Al 3 Fe constituent, but in most commercial 
solidification processes of 1XXX alloys, metastable phases Al 6 Fe or Al m Fe are 
observed [59,119]. A high temperature preheating (16 hr at 607°C) of binary Al-Fe 
ingot produces Al 3 Fe constituents, and a lower temperature preheating (16 hr at 
482°C) results in the formation of Al 6 Fe constituents. When Si is present, A1| 2 Fe 3 Si 
(a-phase) or Al 9 Fe 2 Si 2 (/(-phase) may be found in the 1XXX alloy sheet [59], These 
Al-Fe and Al-Fe-Si intermetallics constitute an important part of the 
microstructure, and can affect the material behavior during subsequent fabrication 
processes. As mentioned previously, constituent content increases strength about 
7 MPa/vol%, Fig. 42. The increase in strength is observed with increasing constitu- 
ent content, regardless of temper and intermetallic type. 



Figure 42 Yield strength versus volume fraction constituent (Al 3 Fe or Al 6 Fe) for Al-0.05 
wt% Si-x Fe series of 1XXX alloys. (Source Ref. 39). 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




Effect of Alloying Additions in Aluminum Alloys 


139 


The formability of Al-Fe alloys may be influenced by the size and distribution 
of constituents [120]; coarse Al 3 Fe constituents crack and produce notches that 
reduce formability and fatigue resistance. Finely dispersed Al 6 Fe particles, on 
the other hand, do not have the deleterious effect on formability. However, the role 
of Al-Fe constituents in controlling recrystallization and texture (discussed 
previously) will have an indirect but critical impact on formability in 1XXX sheet 
and foil products. Therefore it is essential to control the formation and the content 
of these phases, especially in dilute alloys. This can be achieved by controlling 
the cooling rate during solidification, or by modification of the alloy content to 
enhance the stability of a desired phase. Solidification front velocity affects the type 
of the Al-Fe constituent in alloys with 4.6-6. 1 wt% Fe [1 19]. At front velocities below 
0.5 mm/sec, Al 3 Fe is the dominant constituent, and at higher velocities, the domi- 
nant constituent phase becomes Al 6 Fe. The presence of Si increases the stability 
of Al 3 Fe with respect to increase in solidification front velocity. An addition of 0.75 
wt% Mg further enhances the stability of Al 3 Fe [1 19]. On the other hand, rare earth 
addition, such as Ce and La were found [121] to eliminate the formation of Al 3 Fe. 

1XXX alloys are strengthened by cold work, which increases the dislocation 
density of the alloys, and promotes the accumulation of dislocations in cellular 
structures. The lattice strain is lower in alloys with high Fe content, which indicates 
that the additional volume fraction of Fe-bearing constituents promotes 
particle-induced dynamic recovery for rolling to very high strains [59]. This effect 
can also be seen in Fig. 43, which shows the dislocation structure in alloy 1 145-H19. 
The cold rolling of Al-Fe alloys promotes the accumulation of dislocations in cellular 
structures. 

The initial flow stress of alloy 1145 is quite low, and work-hardening is sus- 
tained to quite high strains [122]. At low strains, the microstructure shows the devel- 
opment of dislocation tangles particularly in the vicinity of grain boundaries. With 
increasing strain, the tangles develop into well-defined cell walls. The cells are 



Figure 43 Transmission electron micrograph illustrating the dislocation structure in alloy 
1145-H19 foil. Reprinted from Ref. 39. (Courtesy of Alcoa). 
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Figure 44 Strength versus Si content for Al-0.27 wt% Fe-x Si and high purity Al-Si binary 
alloys after cold-rolling. (Source Ref. 39). 


essentially equiaxial near the grain boundaries but may be elongated in the grain 
interiors where the number of operating slip systems may be less than the five 
required to maintain compatibility at the grain boundaries. 

The dislocation cells become smaller with increasing strain, but appear to reach 
a limiting size of a little less than one micron at a true strain of around 0.15. 
Additional plastic strain leads to a gradual increase in the misorientation across 
the cell walls and there is a gradual sharpening of the walls indicative of the relax- 
ation of the dislocation structure into a more stable arrangement. 

The strength of Al-Fe-Si alloys increases with increasing Si content. Fig. 44. Si 
in solution increases the extent of strain hardening; Si atoms impede dynamic 
recovery during cold work and promote strain hardening via dislocation 
multiplication [59]. This effect is illustrated in Fig. 45, which compares the dislo- 
cation structures of pure A1 and Al-1.0 wt% Si after 90% cold-reduction by rolling. 

The Fe content in solid solution prior to annealing affects the onset of 
recrystallization; increasing Fe in solid solution increases the temperature at which 
recrystallization starts [59], Fig. 46. This retardation of recrystallization is caused 
by the precipitation of fine Al-Fe particles during the anneal. Si has a similar effect 
on recrystallization; when Si precipitates prior to or during annealing, fine Al-Fe-Si 
or Si particles impede early stages of recrystallization within the deformation zones. 
This leads to a reduction in the number of deformation zones that can otherwise 
serve as effective nuclei for new grains. 

With increasing amounts of Fe and Si out of solution as constituent particles 
during deformation processing, the volume fraction of particles having a size that 
can nucleate recrystallized grains increases. An example of effect of Fe additions 
on achieving fine grain sizes in 1XXX alloy sheet is illustrated in Fig. 47. 

2.4.2 Al-Cu and Al-Cu-Mg Alloys 

Copper is added to aluminum mainly to increase strength. As the Cu content 
increases, there is a continuous increase in hardness, but strength, and especially 
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Figure 45 Transmission electron micrographs comparing the dislocation structures of (a) 
pure Al; and (b) Al-1.0 wt% Si after 90% reduction by rolling. Reprinted from Ref. 39. 
(Courtesy of Alcoa). 


ductility, depend on how the Cu is distributed. During aging of Al-Cu alloys, Cu 
atoms cluster into two dimensional disc-shaped GP zones, usually 30-50 A in diam- 
eter [69], on the {100} a matrix planes. Above 100°C, three dimensional zones 
are formed. The maximum temperature at which GP zones are stable is relatively 
low [123]. If a quenched Al-Cu alloy is heated above 190°C, the GP zones redissolve 
in the aluminum matrix. Equilibrium and metastable equilibrium solvi are given in 
Ref. 124. Precipitation follows the sequence; 

GP zones — »■ 6 " (sometimes referred to as GP 2 ) -* 0 — > 6 
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Figure 46 The effect of Fe in solid solution on recrystallization of high purity 1XXX sheet. 
Reprinted from Ref. 39. (Courtesy of Alcoa). 
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Figure 47 The effect of Fe additions on annealed grain size of Al-Fe-0.05 wt% Si. Data are 
given in Ref. 39. 


Micrographs of precipitating phases are presented in Fig. 48 [125]. GP zones are 
several layers thick with compositions varying from 25 to 45 at% Cu [126]. 9 " 
precipitates have nearly the same composition as the GP zones, but consist of Al-rich 
layers separated by Cu-rich layers [126]. Depending on the aging time and the 
temperature, 6 " may transform into the transition phase 6 ', which has the same 
chemical composition as the equilibrium phase, 9 (AFCu). However 9 ' has a 
tetragonal structure, and is only partially coherent with the matrix. 9 ' particles 
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Figure 48 Transmission electron micrographs of (a) GP zones; (b) 9 ' phase; and (c) 9 " phase 
in Al-Cu alloys [125], 


nucleate heterogeneously at the 0"/ A1 matrix interface or nearby at a defect and 
dissolving the 6" precipitate by attracting the Cu [127], as shown in Fig. 49(a). 
9' is fully coherent with the matrix along the broad faces, and often nucleates 
on dislocations. Therefore the distribution of O' is heterogenous, and reflects the 
distribution of dislocations [69]. The O' -> 9 transformation is a gradual process, 
and 9' particles are present even at advanced stages of 9 precipitation [128], The 
9 precipitation stage is separate and distinct from the O' stage. 0 may nucleate at 
9 ' / matrix interface [127], as seen in Fig. 49(b). The growth of 9 involves the con- 
current dissolution of 9' particles, with solute supplied to 0 particles along dislo- 
cation [128]. Extended aging delay may result in the nucleation and rapid 
growth of 9' and/or 9 precipitates during subsequent artificial aging, resulting in 
lower properties [129]. 

Aging curves for an Al-4 wt% Cu alloy, solution treated at 550°C and water 
quenched to 20°C are shown in Fig. 50 [130]. Note in Fig. 50 that peak hardness 
and time required to reach peak hardness is a function of aging temperature. Pre- 
cipitation at higher temperatures occurs more rapidly, so that peak hardness is 
obtained at shorter times as aging temperature increases. However, the degree 
of supersaturation also decreases with increasing temperature, resulting in 
decreasing magnitudes of peak hardness. 
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Figure 49 The heterogeneous nucleation of (a) 9' particles at the 6" I A1 matrix interface; 
and (b) 9 particles at the 6 ' / A1 matrix interface. (Courtesy of Prof. E. Hornbogen, University 
of Ruhr, Germany). 



0,001 0.01 0.1 1 10 100 1000 10.000 


Artificial Aging Time (days) 

Figure 50 Aging curves of an Al-4 wt% Cu alloy (Source Ref. 1 30). Peak hardness and time 
to reach peak hardness is strongly affected by aging temperature. 


In binary Al-Cu alloys, the orientation of 6" and 0' is affected by the applied 
stress (can be either external or residual), which affects the nucleation, but not sub- 
sequent growth [131,132]. This effect is shown in Fig. 51. Tensile stress applied 
in the [001] direction favors the formation of GP zones and 9' parallel to the [001] 
axis, while the compressive stress results in the preferential formation of GP zones 
and 6' perpendicular to the stress axis [131]. This is explained by the minimization 
of the strain energy of GP zones and 9' plates associated with nucleation; the misfit 
strain of GP zones in the direction parallel to the disc plane is larger than that 
in the perpendicular direction [131], and 0’ particles have a misfit of about -4.5% 
with the Al-matrix, and tend to nucleate to cancel this misfit. The stress orienting 
effect is determined in the early stages of precipitation, where GP zones are 
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Figure 51 Microstructure of an Al-5 wt% Cu alloy (a) in stress-free state; and (b) when a 
tensile stress of 69.5 MPa is applied. 9 " precipitates, which are randomly distributed in 
stress-free state, align themselves preferentially with the stress axis. (Courtesy of Prof. E. 
A. Starke, Jr., University of Virginia). 


preferentially formed under the stress below the critical temperature. There is a criti- 
cal temperature [131,133] and a critical stress [132] for 6 " and 6 ' to align with the 
applied stress. The critical temperature is between 180°C and 190°C [131,133]; if 
the alloy is aged at a temperature above the critical temperature, 9 ' is formed directly 
and the precipitation is not affected by an applied stress. The applied stress should be 
in excess of the critical stress for the alignment of precipitates. The critical stress is 
temperature dependent, and was found [132] to be approximately 19 MPa at 160°C. 

precipitates, which have a misfit of —9.3%, were also found [132] to align with 
the applied stress. The critical stress for Q precipitates is between 120 and 140 
MPa at 160°C. 
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Figure 52 Phase fields in Al-Cu-Mg alloys as a function of Cu and Mg content. 


The addition of Mg to Al-Cu alloys enhances both the magnitude and rate of 
natural aging [57,69]. This enhancement probably results from the complex inter- 
actions between Mg atoms in solution and vacancies [64]. The identity of the 
strengthening precipitates in individual alloys is determined by the weight ratio 
of Cu:Mg. Phase fields as a function of Cu and Mg content is shown in Fig. 52. 
There is generally a significant increase in the hardness achievable with increasing 
Mg content and Cu:Mg ratio. 

In Al-Cu-Mg alloys with low Cu:Mg ratios ( < 1), the as-quenched alloy con- 
tains a uniform dispersion of dislocation loops, and independent clusters of Cu 
and Mg [134]. Shortly after the start of aging (at 150°C), dislocation loops become 
unstable, rapidly coarsen and grow into helical dislocation lines, and Cu-Mg 
co-clusters form [134]. In Al-Cu-Mg alloys with higher Cu:Mg ratios, loops are 
stable for prolonged times at temperatures around 180°C. At high Mg con- 
centrations, S' and S phases (Al 2 CuMg) are observed. The formation of Cu-Mg 
co-clusters, which preceeds that of GP zones and S phase, is linked to the rapid 
hardening reaction. Further aging results in the formation of rod-like GP zones. 
The transition phase, S', has the same chemical composition and a crystal structure 
very similar to the equilibrium S phase. The S' precipitates normally nucleate on 
dislocations, and grow as laths on {210} a planes along (100) a directions. These pro- 
cesses occur during the second stage of hardening. The S' phase grows gradually 
at the expense of the GP zones and peak hardness is associated with the formation 
of independently nucleated S phase. The precipitation follows the sequence: 

SSSS -> pre-precipitate stage GP zones + S' -»■ S 
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Most alloy development has focused on alloys with Cu:Mg weight ratios>1.5:l, 
which fall within the (a + S) and (a + 0 + S) phase fields in Fig. 52. There is a sig- 
nificant hardness achievable with an increase in Mg content, and with increasing 
Cu:Mg ratios in excess of approximately 6.5:1 (a + 0 + S alloys), the precipitation 
processes are similar to those in binary Al-Cu alloys, accompanied with those 
specific to the ternary system [135]. 

Trace additions of Ag promote greater response to age hardening in all alumi- 
num alloys containing Mg [135]. Ag additions have little or no effect on the pre- 
cipitation of the 9 ' phase in either Al-Cu or Al-Cu-Mg alloys [135]. However Ag 
additions may result in the formation of new precipitates, the exact nature of which 
depends on the Cu:Mg ratio. Small additions of Ag ( ~ 0. 1 at%) to Al-Cu-Mg ternary 
alloys with a low Cu:Mg ratio, such that they lie in the (a + S + T) field in Fig. 52, 
result in fine, stable precipitates of a Z-phase [136], with two distinct orientations. 
At higher Cu:Mg ratios, such that the alloy composition lies in the (a + S) field 
in Fig. 52, a fine, uniform precipitation of { 1 1 1 X phase [137], is observed instead 
of the S' or S phases, which results in enhanced response to age hardening [138]. 
The composition of the X'-phase is 20-25 at% Cu, 15-25 at% Mg and 50-65 
at% A1 [139]. Recent findings [140] indicate that up to 5 at% Ag is contained in 
the X'-phase, probably as a result of Mg-Ag co-clusters detected at the early stages 
of precipitation. In alloys with high Cu:Mg ratios, Ag promotes formation of Q, 
that forms as finely dispersed plates on the { 1 1 1 } a planes [141], which partially 
or completely replaces the above mentioned precipitation sequence in Al-Cu based 
systems [132]. The orientation of Q is presented in Fig. 53. 

When Si and Ge are added to Al-Cu-Mg alloys, independent clustering of Cu, 
Mg, Si and Ge were observed [142] in the as-quenched microstructure. Mg and 
Ge form co-clusters shortly after the start of artificial aging, which lead to the for- 
mation of GP zones. Si is also associated with these zones. These GP zones are con- 



Figure 53 The orientation of the Q precipitate ([110]a) in Al-Cu-Mg- Ag alloys. (Courtesy 
of Prof. E. A. Starke, Jr., University of Virginia). 
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sumed by the precipitation of the more stable O' and by the gradual formation of 
rod-shaped Cu-Mg rich precipitates. Si is segregated to these zones, and Ge is associ- 
ated with the larger zones. Mg and Si were found [142] to be associated with some 8' 
precipitates. 

Discs of vacancies retained during quenching collapse to form dislocation 
loops with high densities in Al-Cu-Mg alloys [143,144]. These loops disappear when 
Ag is added to the alloy [144,145]. The high binding energy between Ag atoms 
and vacancies is most probably responsible for this change in lattice defect dis- 
tribution. Consequently vacancies aggregate and condense in the supersaturated 
solid solution [144]. Si additions accelerate the interaction of solute atoms, by 
increasing the free vacancy content of the alloy [140]. In the as-quenched condition, 
independent clusters of Cu, Mg and Ag form. Immediately after the start of artificial 
aging, co-clustering of Ag and Mg atoms occurs. Cu then migrates to the sites of 
these co-clusters, and extremely small precipitates containing Ag, Mg and Cu atoms 
form. These precipitates are the precursors of the Q [143-145] and X' [140] phases. D 
co-exists with minor fractions of precipitates such as 6" and and O', which form on the 
{ lOOjo, planes in binary Al-Cu alloys. Q is also the predominant strengthening phase 
in the commercial 201, which is the strongest of all aluminum casting alloys 
[135,146]. This phase shows high stability up to 200°C [147], and shows high resist- 
ance to creep [148-150]. However prolonged aging at 250°C results in the replace- 
ment of Q with 0 [147]. 

Trace additions of Cd, In or Sn increase the strength and hardness of artificially 
aged Al-Cu alloys by promoting nucleation of a finer, more uniform dispersion of 0' 
[130,151]. Additions of In to Al-Cu-Mg alloys result in the nucleation of In-bearing 
precipitates early during artificial aging, which act as heterogeneous nucleation sites 
for O' and S precipitates, and significantly accelerate the aging process [152]. Cd, In, 
and Sn retard the formation of GP zones, as ternary trace modified alloys are 
observed to age-harden more slowly than the binary alloys at room temperature. 
At elevated aging temperatures, the microalloying additions favor the formation 
of fine-scale 0' phase at the expense of GP zones and 0". Trace additions of Cd ( ~ 0. 1 
at%) have the same effect in Al-Cu-Mg alloys with high Cu:Mg ratios as in binary 
Al-Cu alloys [138], 

Somewhat larger additions of Li has the same effect as trace additions of Sn, Cd 
and In on Al-Cu and Al-Cu-Mg alloys [135,153], Small additions of Li (1 .0—1.5%) to 
Al-Cu-Mg-Ag alloys stimulates a greater age-hardening response than observed in 
the quaternary alloy. Li additions progressively increase hardness and time required 
to achieve maximum hardness (See Al-Li, Al-Cu-Li Alloys section in this chapter for 
more discussion). Li has a high binding energy with vacancies, and consequently 
inhibits their condensation into dislocation loops or helices [154]. However, the 
strong lithium /vacancy interaction slows the kinetics of the homogeneous precipi- 
tation of S. Trace additions of Ge to Al-Cu-Mg alloys encourage O' nucleation [155]. 
Mg interacts strongly in solid solution with both Ge and Si, and quaternary 
Al-Cu-Mg-Ge alloys exhibit a much stronger age-hardening response than simple 
ternary Al-Cu-Mg alloys of similar composition. Si additions also increase response 
to age hardening in Al-Cu-Mg alloys, and therefore commercial alloys contain some 
minor additions of Si. The addition of Si to alloys with a Cu:Mg ratio of approxi- 
mately 2 improves mechanical properties significantly, by promoting a refined dis- 
tribution of the S phase (ALCuMg) [156]. In the presence of small 
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concentrations of Si and/or Ge, Ag has much less effect on the age hardening 
response in Al-Cu-Mg-Ag alloys. The presence of Si and Ge favor the formation 
of the rod-like zones during the early stages of aging, exhausting the supply of 
Mg and thus preventing the formation of the D phase that is characteristic of 
the quaternary alloy [135], The (100) a lath-like precipitates in turn promote a fine 
distribution of 9' plates [156]. The additions of Si to an Al-4.0 wt% Cu-0.3 wt% 
Mg alloy have been found [156] to enhance response to age hardening, and for 
Si contents 0.3-0. 7 wt%, maximum hardness (after artificial aging at 200°C) exceeds 
that obtained by a 0.4 wt% Ag addition. Si additions promote a fine, dense and 
uniform distribution precipitation of {100} a plates of 9' and (100) a laths of Q phase 
[156] (See Al-Mg-Si-Cu alloys section in this chapter for more discussion on the 
Q phase). Minor additions of Si (0.15-0.50 wt%) suppress the formation of D phase 
in an Al-4.5 wt% Cu-0.3 wt% Mg-0.7 wt% Ag, without adversely affecting mech- 
anical properties [157]. Sn additions significantly affect the decomposition of Al-Cu 
alloys [158]. Artificial aging is accelerated while natural aging is retarded. 

Si increases feedability and resistance to hot cracking during casting. Fe 
reduces hot cracking in Al-Cu alloys, but both Fe and Si can form constituent phases 
(e.g. Al 7 Cu 2 Fe and Mg 2 Si) which reduce fracture toughness. Improvements in both 
fracture toughness and ductility of 2XXX alloys can be obtained by reducing 
the levels of Fe and Si impurities as well as that of Cu, all of which favor formation 
of large, brittle compounds in the cast materials [71]. Si, however, is an intentional 
alloying element in the Al-Cu-Mg alloy 2014 because of its effect on increasing 
strength. Effects of Si will be discussed in more detail in the Al-Cu-Mg-Si section. 

Iron may also be an alloying element in Al-Cu alloys. About 1% each of Fe and 
Ni are present in equal amounts in 2618, the alloy used on the SST. 

Manganese is added to most commercial Al-Cu alloys. It was present along 
with Cu and Mg in the first precipitation hardenable alloy discovered by Wilm. 
It forms AFoCmMns dispersoid particles which provide some dispersion 
strengthening, and also serve to nucleate precipitates during aging on dislocations 
which emanate from the particle matrix interface during quenching. 

The addition of Zr reportedly raises the tensile strength [159]. Zirconium was 
added to alloy 2219 to enhance strength at elevated temperatures. 

Pb and Bi have been added to Al-Cu alloys to form discrete particles in the 
microstructure, and assist with chip formation [160], but recent health concerns have 
led manufacturers to investigate other elements such as Sn for Pb. 

Response to age hardening is enhanced by cold work prior to artificial aging 
(T8 temper) and the yield strength can be increased by as much as 35% compared 
to the T6 temper [71]. Enhanced hardening is observed in alloys based on the Al-Cu, 
Al-Cu-Mg and Al-Cu-Li systems in which each of the primary intermediate strength- 
ening precipitates nucleates with difficulty. In these alloys, the dislocations intro- 
duced during cold work provide preferred heterogeneous nucleation sites 
[161,162]. As a result, the hardness and tensile strengths of Al-Cu alloys are 
increased. In 2XXX alloys strengthened by 9', S', or Tl, attainable strength increases 
significantly because dislocations serve to nucleate these metastable precipitates, and 
promote the development of finer, more closely spaced particles. Because of this 
strong effect, alloys 2219 (9'), 2024 (S'), and 2090 (Tl) are used almost exclusively 
in T3 and/or T8 tempers. Deformation at elevated temperatures prior to artificial 
aging also improves tensile properties of Al-Cu-Mg ternary alloys, due to the sub- 
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Figure 54 The effect of cold work and heat treatment on precipitate dispersion in alloy 2024 
sheet, (a) no cold work (T4); (b) no cold work (T6); (c) 1% cold work (T31); (d) 1% cold work 
(T81); (e) 6% cold work (T36); and (f) 6% cold work (T86). Reprinted from Ref. 95. (Courtesy 
of Alcoa). 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Effect of Alloying Additions in Aluminum Alloys 


151 



Figure 54 Continued. 
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sequent more homogeneous precipitation of strengthening phases [162]. The effect of 
cold work and temper on the microstructure of 2024 sheet is presented in Fig. 54 [95]. 
In 2XXX alloys strengthened by S', 9' or Tl, attainable strength increases signifi- 
cantly because dislocations serve to nucleate these metastable precipitates and pro- 
mote the development of finer, more closely spaced particles. The dislocation 
density is low in 2024-T4 sheet, and it increases with increasing cold work from 
1% in the T31 temper to 6% in the T36 temper. When the T4, T31, and T36 products 
are artificially aged at 175°C to the T6, T81, and T86 tempers, respectively, the size 
and spacing of the metastable S' precipitates decreases appreciably with increasing 
amount of cold work, Fig. 54. Comparison of microstructures of alloy 2219 and 
alloy 2519 plate illustrates a positive synergistic effect of adding small amounts 
of Mg and cold working on precipitate dispersion in alloys strengthened by O', Fig. 
55 [95]. The effect of change in microstructure on tensile properties is presented 
in Fig. 55(e). The combined effect of adding Mg and cold working is to increase 
strength by 190 MPa instead of the 150 MPa attributable to their effects considered 
separately. In presence of trace elements, the very fine dispersion of 9' present in 
undeformed alloys is replaced by a comparatively coarser distribution. Hence 
properties are reduced [135]. Ag containing Al-Cu-Mg alloys do not to respond 
to cold work prior to artificial aging [163], nor does the Al-Cu-Mg-Si alloy 2014. 

2.4.3 Al-Li and Al-Cu-Li Alloys 

Lithium is one of the relatively few elements that has high solubility in aluminum 
with a maximum value of approximately 4 wt% (16 at%) at 610°C, Fig. 56. This 
is significant because, for each 1% addition, the density of an aluminum alloy is 
reduced by 3%, accompanied by a 6% increase in elastic modulus [141]. The effect 
of Li content on tensile properties in Al-Li binary alloys is shown in Fig. 57. 
The effect of increasing Li content in both T4 and T6 tempers is to increase 
UTS and YS and decrease elongation. 

Many of the metallurgical characteristics of Al-Li alloy products are attributed 
to a high volume fraction of ordered Al 3 Li, S', precipitates, as presented previously in 
Fig. 14. These spherical particles are sheared by pairs of dislocations; the first dis- 
location disrupts the order, which is restored by the following one (although it 
has been suggested [84] that the trailing dislocations avoid S' particles). This 
behavior serves to localize deformation as bands on particular slip planes. Although 
strain localization is detrimental to tensile properties, it results in superior crack 
growth performance under cyclic loading conditions; the concentration of slip forces 
the advancing crack to follow a particular set of slip bands in a grain. When a grain 
boundary is reached, the crack must abruptly change direction as it grows. Above 
a critical size, S' particles are by-passed by Orowan strengthening mechanism or 
double cross-slip. In binary alloys, T A pb is approximately 150 mJ/m 2 , and 
(T>p) s ^ b is 34 nm [164], 

Nucleation of fine S' ( ~20 A in diameter [164]) is almost inevitable during the 
quench in alloys containing more than 7 at% Li [101] (~1.9 wt% Li). Lowering 
the Li content below this limit (1.9 wt%) lessens grain boundary precipitation 
and consequently increase elongation [165]. Due to the low misfit of S' in A1 matrix 
(-0.08±0.02% [166]), and its low interfacial energy (~ 14 mJ/m 2 ), S' forms by homo- 
geneous nucleation. The morphology of S' is almost invariably spherical and the 
distribution is homogeneous and insensitive to variations in pre-aging thermal 
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Figure 55 The effects of 0 (a and c) versus 20% cold work (b and d) on precipitate dispersion 
in alloy 2219 (a andb, no Mg) and 2519 (c and d, 0.15 wt% Mg), and the consequent changes in 
mechanical properties (e). Micrographs reprinted from Ref. 95. (Courtesy of Alcoa). 


history. However, when the heat treatment temperature is low (within 40°C of the 
solvus), 3' nucleates and grows on dislocations [101,167], preferentially at the com- 
pressive side of edge dislocations [167]. The shape of 5' that precipitates on 
dislocations has been described as disc-like [101] and kidney-bean shaped [168]. 
The growth of S' on dislocations is associated with the climb of the dislocation 
toward the tension side [168], <5 nucleates heterogeneously due to the large misfit 
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Figure 56 Al-rich end of Al-Li phase. Drawn by Dr. Joanne Murray. (Courtesy of Alcoa). 


between S and A1 [101], generates a high density of mismatch dislocations, and cause 
dissolution of surrounding S' in an Al-10.7 at% Li alloy [166]. <5 forms initially at 
grain boundaries where it generates S' PFZs, and within the matrix. 

In overaged alloys, wide PFZs and coarse grain boundary precipitates can act 
as preferential deformation sites [169], The dislocation pile-ups on the slip bands 
concentrate the stress on grain boundaries which may contain equilibrium pre- 
cipitates, and promote intergranular fracture and low fracture toughness. Grain size 
effects become important in these instances since slip distance can be reduced by 
reducing the grain size. Hence stress concentration is reduced at grain boundaries 
due to reduced number of dislocation in the pile-ups. Consequently, early crack 
nucleation is prevented so that the fracture mode can be changed from a low energy 
intergranular to a high energy transgranular mode [169]. 

Strain localization of Al-Li binary alloys can be reduced, and even eliminated 
by alloying additions. For instance, ternary additions of 0.2 wt% Ge increase 
the solid solubility of Li in aluminum, and result in the precipitation of rod-shaped 
Ge particles approximately 15-20 nm in length at peak hardness [170]. The ger- 
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Figure 57 The effect of Li content on tensile properties in Al-Li binary alloys. Data are 
provided in Ref. 30. 
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Figure 58 S' and T1 precipitates in 8090 alloy. (Courtesy of Prof. E. A. Starke, Jr., 
University of Virginia). 


manium particles effectively disperse dislocation slip, providing a homogeneous dis- 
tribution of stresses during deformation. Despite the effectiveness of Ge in 
dispersing slip, commercial alloys containing Li rely mainly on Cu and Mg additions 
to minimize strain localization. 

Additions of Cu and Mg lower the solubility of Li in Al, and cause precipitation 
of other phases ALCuLi (Tl) and ALCuMg (S') which provide more effective 
barriers to dislocations and promote more homogeneous deformation [141]. S' 
and Tl precipitates are primary strengthening phases in 8090 alloy, as seen in Fig. 
58, after 6 h of artificial aging at 190°C. When ALCuLi precipitates on {100} a planes 
rather than along the {lll} a , they are referred to as T2 phase [171], which is pri- 
marily responsible for the creation of PFZs around grain boundaries in Al-Li-Cu 
alloys [110]. Cu additions also decrease the grain size, which result in a decrease 
in the length of dislocation pile-up and the dislocation density in PFZs [169], chang- 
ing the fracture mechanism from intergranular to transgranular. Cu additions also 
decrease (D p ) s ^b from 34 nm to 18 nm [164]. This is possibly due to an increase 
in the stacking fault energy of the alloy after the Cu addition, which makes the 
shearing of 5 ' more difficult. The <5' precipitates are by-passed in Al-2.7 wt% Li- 1.9 
wt% Cu alloys only after 2 h of artificial aging at 190°C [164]. 

The exact nature of the phase equilibria of the quaternary Al-Li-Cu-Mg alloys 
depends on the relative concentrations of all three alloying elements [64], For 
instance, in alloys with a Cu:Li ratio of 2-3, Tl growth is accomplished by the 
accretion of Li from the solid solution [101]. However for lower Cu:Li ratios, e.g. 
3:2, Tl can grow at the expense of <5'. If Tl nucleates homogeneously from prior 
GP zones, the alloy has low strength but high ductility, whereas the heterogeneous 
nucleation of Tl phase on dislocations results in considerable loss in both strength 
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and ductility [172]. In high strength Al-Cu-Li alloys, such as 2095, the high Cu:Li 
ratio produces a high volume fraction of T1 without S', in addition to both S' 
and 9'. 

Mg additions to Al-Cu-Li alloys increase the density of dislocation loops in the 
as-quenched microstructure, favoring the nucleation of T1 plates [173,174]. 0.5 wt% 
Mg additions may increase the T6 yield strength of Al-Cu-Li alloys by as much as 
30%, resulting from the precipitation of fine 9" and GP zones in the early stages 
of aging, and T1 phase with a high aspect ratio in the latter stages of aging. Larger 
Mg additions (0. 5-1.0 wt%) to a high Cu alloy suppress the formation of 9', 
and introduce the S' phase. Since S' contains no Li, 5' precipitation is markedly 
influenced by the Mg addition. Unless magnesium levels exceed 2 wt% or aging treat- 
ments are extended, ALMgLi is absent in the age-hardened microstructure [154], In 
general, for alloys containing approximately 4.5 wt% Cu and 1 wt% Li, S' is 
suppressed. 

Zr, when in solution, slows the coarsening rate of S' by a factor of ten at 250°C 

[99] . Al 3 Zr dispersoids create dislocation loops around them upon nucleation 
[153,175,176]. These dislocation loops, which are glissile and can be multiple around 
the ft dispersoid [175], serve as heterogeneous nucleation sites for S' precipitates 

[153.154.175] , as well as S' and 9' phases in an Al-Li-Cu-Mg-Zr (8091) alloy 

[100.175] . Also PFZs around /(' particles were observed in an Al-Li-Cu-Zr alloy 

[ 100 ] , 

Trace additions of indium increase the T6 yield strength of Al-Cu-Li alloys by 
as much as 25% [173,174]. In affects precipitation by increasing the thickness of 
the {100} a plates during the early stages of aging and later by promoting more homo- 
geneous precipitation of Tl. The increase in strength is due to the increase of the 
thickness of the {100},* precipitates, indicating a shift from 9" to 9', and accelerating 
the transition from particle shearing to by-passing. In additions do not affect aging 
or strength in the presence of Mg [173,174]. 

Cd additions to Al-Cu-Li alloys is effective in nucleating 9’ [177], as in Al-Cu 
binary alloys. The effect of 0.28 wt% Cd and 2% stretch on precipitation of 9' 
in an Al-4.5 wt% Cu-1.2 wt% Li alloy is shown in Fig. 59. Precipitate distribution 
in peak-aged, Cd-free alloy (Ml) is shown in Fig. 59(a). Stretching prior to aging 
results in enhanced precipitate dispersion in this alloy, Fig. 59(b). In the Cd-added 
alloy (M2), precipitate dispersion is also enhanced, even in the unstretched con- 
dition, Fig. 59(c). Stretching results in minor enhancement in dispersion of 9 ' , Fig. 
59(d). Cd is, therefore, more effective in nucleating 9' than a 2% stretch prior to 
aging. In addition, M2-T6 has a yield stress 14% higher than that of M1-T651. 
M2 also ages at a faster rate, reaches maximum hardness sooner, and obtains a 
higher maximum hardness than Ml. 

Deformation in Al-Li-Cu prior to aging results in improvements in strength 
and toughness [42], The Tl phase forms with some difficulty in ternary Al-Cu-Li 
alloys during conventional isothermal aging treatments and, when possible, it is 
common in commercial practice for such alloys to be deformed plastically before 
aging (T8 temper) to induce increased heterogeneous nucleation of the Tl plates 
and a more uniform precipitate distribution. The maximum strength is achieved 
by a tensile plastic deformation of 3-6% [135]. Nucleation of the Tl phase is appar- 
ently stimulated strongly by an increase in the dislocation density although the 
Tl plates are coherent with the aluminum matrix and have only a small misfit strain 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



158 


Tiryakioglu and Staley 



M2-T6 M2-T651 


Figure 59 The effect of Cd additions and cold work on the microstructure of an Al-4. 5 wt% 
Cu-1.2 wt% Li alloy, (a) M1-T6; (b) M1-T651; (c) M2-T6; (d) M2-T651. (Courtesy of Prof. E. 
A. Starke, Jr., University of Virginia). 


(~0.12%) [135]. Precipitation at grain boundaries is reduced as the amount of 
stretching is increased [42]. The role of the trace additions of Mg and Ag in Al-Li-Cu 
alloys stimulate the formation of the T1 phase, and thus eliminate the need for the 
deformation step that is common in the processing of ternary Al-Li-Cu alloys. 
The resulting alloys have a substantial strength advantage over ternary Al-Li-Cu 
alloys and Al-Cu-Mg-Ag alloys [135]. 

Toughness of Al-Cu-Li alloys is affected significantly by the concentrations of 
Cu and Li. Aging of alloys with high Li/Cu ratio (>0.8) beyond the peak strength 
does not improve the fracture toughness of the alloys even though the yield strength 
falls significantly on overaging [113]. Limited recovery of toughness on overaging is 
observed in alloys with a high Li content, in which grain boundary fracture occurs 
from voids initiated around grain boundary precipitates. A low Li/Cu ratio ensures 
that the volume fracture of slip dispersing Al-Cu-Li precipitates is larger than that 
of S' [178], In underaged, high-Li content alloys, in which the amount of grain 
boundary precipitates is limited, mixed mode (transgranular and intergranular) 
fractures occur often with the types of crack branching illustrated schematically 
in Fig. 38. Transgranular fracture in alloys with low Li/Cu ratio can be enhanced 
by adding Zr and hot rolling to maintain an unrecrystallized structure, and preceding 
artificial aging by a large amount of cold work to refine precipitate size both in the 
matrix and the boundaries [178]. 
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Al-Li-(Cu) alloys can fail in several modes [179,180]: (i) ductile, microvoid 
coalescence, with the voids nucleated at precipitates (<5' or S) at grain or subgrain 
boundaries or the Fe-bearing constituent; or (ii) brittle, intergranular separation 
with no associated plastic deformation. The segregation of alkali metal impurities, 
such as Na and K, contributes to this embrittlement [141]. Na and K react 
preferentially with Li when this element is present [181] above a critical amount, 
resulting in intergranular brittle “islands”. The failure mode depends on temper, 
orientation of the tensile axis within the plate, and test temperature [179,182,183]. 
Additional fracture processes are explained in Ref. 180. 

2.4.4 Al-Mn Alloys 

The phase diagram for Al-Mn system is given in Fig. 60, which shows that the eutec- 
tic Al-MnAl 6 is at approximately 1.9 wt% Mn and 930K (657°C). Mn produces a 
modest solid-solution strengthening, but is more effective in promoting work hard- 
ening during cold-rolling. Mn content in commercial Al-Mn alloys is often less than 
1.25 wt%, although as much as 1.82 wt% is soluble in Al. The 1.25 wt% limit is 


Manganese, atomic % 



Manganese, wt % 


Figure 60 Al-Mn phase diagram. Drawn by Dr. Joanne Murray. (Courtesy of Alcoa). 
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imposed because Fe decreases the solubility of Mn, and therefore increases the prob- 
ability of forming large primary particles of Al 6 (Mn,Fe), which can have a negative 
effect on ductility [64,184]. All 3XXX alloys contain controlled amounts of Fe 
and Si that play a vital role in the phase reactions and microstructural development 
[59]. During solidification, substantial amounts of Mn are retained in solution in 
the aluminum matrix. Typical as-cast 3003 ingot contains 0.7-0. 9 wt% Mn in 
solution; the remainder is present as Al-Mn-Fe and Al-Mn-Fe-Si constituent 
particles. During homogenization, Ali 2 (Mn,Fe) 3 Si or Al 6 (Mn,Fe) dispersoid 
particles precipitate from the supersaturated matrix. If the Si content is less than 
0.07 wt%, the dispersoid phase is usually Al 6 (Mn,Fe). The size of the dispersoid 
particles depends on the thermal conditions used for the homogenization, but 
are typically less than 1 /mi in diameter. Microstructure of alloy 3004 after various 
stages of processing is presented in Fig. 61, which shows the progressive increase 
in microstructural homogeneity during processing to sheet. Constituents and 
dispersoid are shown (a) in a homogenized 500 mm thick ingot; (b) after hot rolling 
to 47 mm slab; and (c) after rolling to 0.33 mm sheet. 

Figure 62 shows the yield and ultimate tensile strengths of binary Al-Mn alloys 
for two tempers, in which the Mn has been retained in solution by a high temperature 
anneal and a rapid quench [59]. Note in Fig. 62 that annealed yield strength increases 
approximately 21 MPa and ultimate tensile strength about 42 MPa per wt% Mn in 
solution. The H19 yield strength only increases about 35 MPa per wt% Mn. 
Mg, on the other hand, raises the H19 yield strength by 70-85 MPa per 1 wt%. 
Hence Mn is not as effective in promoting work hardening as Mg. Thus many com- 
mercial 3XXX alloys contain Mg and/or small Cu additions to achieve higher 
strength. 

The kinetics of the Mn precipitation reaction can be markedly affected by alloy 
composition [59]. Si accelerates the precipitation of Mn, and results in a denser dis- 
tribution of Ali 2 (Mn,Fe) 3 Si and reduces the Mn retained in solution after homo- 
genization. If sufficient Si is present some or all of the Al 6 (Mn,Fe) phase 
present after casting transforms to the Ah 2 (Mn,Fe) 3 Si [59,185]. Additionally, 
increasing the Fe/Mn ratio may promote the formation of the alternative 
A1 i 3 (Fe,Mn )4 phase in as- cast alloys [185]. 

In deformed binary Al-Mn alloys, cell formation follows the initial increase in 
dislocation density, regardless whether Mn is retained in solution or is present 
as a dispersoid. With increased rolling, the subgrain structure becomes more 
well-defined and the subgrain size decreases. The subgrain interiors tend to be rela- 
tively free of dislocations. When Mg is added for strengthening, the tendency toward 
cell formation is reduced and the dislocation density of the alloy increases with 
increasing Mg content. The effect of Mg additions to Al-Mn alloys on substructure 
is presented in Fig. 63. Mg-bearing alloy (3004) has a finer substructure with an 
overall higher dislocation content, and hence, a higher strength. 


2.4.5 Al-Mg Alloys 

Mg forms a complicated system with Al, as depicted in Fig. 64. At the aluminum end, 
there is a eutectic, liquid-* Al + Mg 5 Al 8 at 35 wt% Mg. Mg decreases the density of 
Al; density decreases linearly by approximately 0.5% for every 1 wt% Mg in solid 
solution [120]. 
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Figure 61 Optical micrograph of alloy 3004 after (a) preheating; (b) hot rolling; and (c) cold 
rolling. Reprinted from Ref. 39. (Courtesy of Alcoa). 


Mg has a very high solid solubility in aluminum (up to 14.9 wt% at 450°C). Its 
solubility decreases to approximately 1.7 wt% at room temperature, but the rate 
of decomposition of the supersaturated solid solution is very low [9], In commercial 
alloys, essentially all of the Mg can be retained in solution without the need for 
extraordinary quenching procedures. Binary Al-Mg alloys show an abnormally 
small response to aging; precipitation may occur, but no hardening is observed until 
the Mg content exceeds 5%. In cold worked alloys, rod-shaped precipitates of 
Al 3 Mg 2 ([> phase) are nucleated on dislocations [15], but have no significant strength- 
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Figure 62 The effect of Mn in solution on strength of annealed and fully hardened sheet. 
(Source Ref. 39). 


ening effect. However, in alloys with Mg content higher than 4%, cold work may 
result in precipitation at grain boundaries [186]. No wrought 5XXX alloys exploit 
precipitation hardening to obtain higher levels of strength. Casting alloys with a 
high Mg content can exhibit some degree of age hardening behavior when subjected 
to the right thermal conditions [57]. The nucleation and growth of the /i phase 
on grain boundaries in certain Al-Mg ( > 3%Mg) alloys at ambient temperatures 
reduce ductility and resistance to stress-corrosion cracking [15]. 

The strength of 5XXX series alloys in the O temper is controlled primarily by a 
combination of solid solution hardening from the Mg atoms and grain size 
strengthening. Mg in solution imparts a limited solution hardening effect for 
annealed alloys. Figure 65 illustrates the effect of Mg in solution on the tensile 
properties of annealed high purity A1 sheet. Both yield strength and ultimate tensile 
strength increase with increasing Mg content while elongation drops sharply with 
even small Mg additions. Similar behavior with increasing Mg content is observed 
in tensile properties of commercial alloys. On an atomic basis. Mg is more efficient 
in strengthening in concentrations less than 1 at% than in more concentrated alloys. 
At Mg levels < 1 at%, the incremental increase in yield strength is proportional to 
(at% Mg) 2/3 , whereas in the more concentrated alloys, this increase is proportional 
to (at% Mg) 1/3 . Hence the solid solution strengthening effect of Mg differs from 
dilute to concentrated alloys [59]. 

Mg content in commercial 5XXX alloys ranges from 0.5 to about 6 wt%. 
Alloys with low Mg contents are used where formability or surface finishing are 
critical. The good formability of the Al-Mg alloys is attributable to the high strain 
hardening rate, which is maintained to the high forming strains achieved with these 
alloys. Higher Mg alloys are used in structural applications where strength, fracture 
and fatigue resistance, and weldability are important. Some of the casting alloys 
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(a) 



(b) 

Figure 63 Dislocation and subgrain structure of (a) alloy 3003 (1 wt% Mn); and (b) alloy 
3004 (1 wt% Mn, 1 wt% Mg) after 90% cold-rolling. Mg addition reduces the extent of 
dynamic recovery that occurs during rolling. Reprinted from Ref. 39. (Courtesy of Alcoa). 


have extremely high Mg (up to 12%) and a good combination of castability and 
strength [120]. Wrought alloys containing more than 5 wt% Mg are produced in 
special tempers designed to improve their susceptibility to stress-corrosion. 

Many investigators have tried ternary additions to Al-Mg alloys to increase 
strength. The addition of 0.3 wt% Sc increases the yield strength of an Al-5.25 
wt% Mg alloy by more than 100% to 365 MPa by stimulating age hardening [187]. 
Strength in Al-4 wt% Mg-Sc alloys increase with increasing Sc content up to 1 
wt% Sc, primarily due to the precipitation of coherent, ordered, spherical Al 3 Sc 
precipitates [187]. Small additions of Ag may stimulate age-hardening in alloys con- 
taining 5% and down to as little as 1% Mg [15]. However Ag additions do not affect 
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Figure 64 Al-Mg phase diagram. Drawn by Dr. Joanne Murray. (Courtesy of Alcoa). 


the age-hardening response in presence of Sc [187], Cu additions to Al-7 wt% Mg 
alloys induce response to age hardening, but result in severe solute segregation prob- 
lems [188], Zn additions to Al-Mg alloys can result in strengthening through the 
precipitation of a T-phase (Al 2 Mg 3 Zn 3 ). 

In 5XXX series of Al-Mg alloys, strength is developed through mainly work 
hardening, and solution strengthening, and to a lesser extent by grain size effects. 
The high purity Al-Mg binary alloys show a more rapid rise in tensile strength than 
in yield strength, indicating that Mg is promoting work hardening, Fig. 65. The 
addition of Mg to pure aluminum results in a decrease in the strain hardening 
exponent n, but an increase in k, Fig. 66. With increasing Mg content, n remains 
constant, but k continues to increase, indicating that Mg increases the rate of strain 
hardening. As mentioned previously, Mg raises the HI 9 yield strength by 70-85 
MPa per 1 wt%. This effect of Mg on work hardening is microstructurally related 
to its effect on development and retention of lattice strain. The microstructure 
of deformed A1 shows evidence of mutual dislocation annihilation and extensive 
dislocation rearrangement into cells and subgrains. As Mg is added to Al, the 
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Figure 65 The effect of Mg in solution on tensile properties of annealed Al-Mg binary 
alloys. (Source Ref. 59). 
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Figure 66 Strain hardening response of high-purity A1 and Al-Mg alloys during cold 
rolling, following Eq. 8. (Source Ref. 39). 
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Figure 67 TEM micrograph showing the dense, entangled dislocation structure present in 
fully hardened (H19) 5182 alloy (4.5 wt% Mg, 0.35 wt% Mn). Reprinted from Ref. 39. 
(Courtesy of Alcoa). 


amount of retained lattice strain after deformation increases. Higher Mg contents 
result in a more rapid increase in lattice strain and higher amounts of retained strain 
for a given amount of deformation. Therefore the tendency for dynamic recovery 
and dislocation rearrangement into lower energy configurations is reduced, with 
an increase in the dislocation content of the alloy and a more uniform dislocation 
distribution [59]. This can be seen by comparing Fig. 67 with Fig. 43. These figures 
show the HI 9 dislocation structure found in alloys 5182 and 1145, respectively. 
While 1145 shows clear evidence of subgrain formation, alloy 5182 shows little evi- 
dence of dynamic recovery with the retention of a dense uniform dislocation 
network. Thus, by suppressing recovery. Mg increases both the dislocation 
multiplication and storage rates leading to increased strength [59]. The effect of 
Mg content on annealed grain size is shown in Fig. 68, which shows that increasing 
the Mg content to 3.5% results in progressively finer annealed grain sizes in a series 
of high purity Al-Mg binary alloys, cold-rolled 89% prior to annealing [189]. 

The combination of Mg in solution and cold working is extremely effective in 
achieving high strength. However alloys with high Mg content may be susceptible 
to intergranular corrosion or stress-corrosion cracking, and are notoriously hard 
to fabricate during hot and cold working. Therefore to increase strength, other solid 
solution elements are added to Al-Mg alloys. A requirement for such an addition will 
be that the element provides additional work hardening but will not chemically inter- 
act with Mg and remove it from solid solution. Mn is often added to 5XXX alloys to 
further strengthen the alloy at lower Mg levels. Relatively small additions of Mn to a 
3.5% Mg binary can be more efficient in promoting strengthening than further Mg 
additions. The Mn addition may also decrease recrystallized grain size, depending 
upon process conditions. Mn is retained in solution in these alloys so that results 
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Figure 68 The effect of Mg content on annealed grain size in a series of high purity Al-Mg 
binary alloys. All alloys contained 0.05% Fe, 0.05% Cu, 0.04%Si, 0.01%Ti. Data obtained 
from Ref. 185. 


are attributable to solution effects. At higher levels, the Mn precipitates as Al 6 Mn 
dispersoids, which retard recrystallization, and hence greatly enhance the rate of 
work hardening. In Al-Mg-Mn alloys, the optimum dispersion of A^Mn occurs 
at a Mg content of 4.5 wt% and a Mn content of 2 wt% [190]. Al 6 Mn dispersoids 
also alter the failure mechanism from necking to cavitation [191]. The combination 
of 0.2 wt% Zr and 1.6 wt% Mn has shown good results in superplastic forming oper- 
ations due to fine grain sizes with the additional Mn and the fine A^Zr dispersoids 
[192], 

Grain size makes a larger contribution to strength in 5XXX alloys than in most 
other aluminum alloys. The typical k value (Eq. (7) for Mg-free alloys is 0.15 or less, 
as compared to greater than 0.2 in the Al-Mg alloys [52]. 5754 has a A: of 0.22 and a oy 
of 42.5 MPa, whereas 518 has a A: of 0.30 and a oy of 57.6 MPa [52], The difference in 
the Petch parameters in two alloys is most probably due to the higher Mg content of 
5182. The frictional stress, cy, reflects any solution hardening due to Mg, and can be 
expressed as a function of Mg concentration [52]; 

oy = 15.5 (wt%Mg) (24) 

cy and k are also influenced by the grain size uniformity and shape as well as the 
crystallographic texture. These microstructural variables are, in turn, influenced 
by the dispersoid content in the alloy (i.e. the Mn content) and processing parameters 
such as the extent of cold work and the final annealing treatment. 

The constituent phases in 5XXX alloys can be of various types depending upon 
the specific composition [59], Due to the very low solubility of Mg 2 Si in aluminum at 
high Mg contents, it is often present in the microstructure as a major constituent 
phase. Since the presence of Mg 2 Si has a deleterious effect on ductility, fracture 
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resistance, and most types of forming behavior, the Si content is usually tightly con- 
trolled in commercial 5XXX alloys [120]. As with the 3XXX alloys, the presence of 
Fe, Mn, and Si are also present as Ali 2 (Fe,Mn) 3 Si, Al 6 (Fe,Mn), or Al 3 Fe. Commer- 
cial alloys can contain up to 1 wt% Mn. When Mn precipitates as a dispersoid during 
preheating, the Al 6 (Mn,Fe) phase is favored since the Si is consumed by Mg 2 Si. Cr is 
often added for corrosion protection, and has a very low solubility in Al. During 
solidification and preheating, ternary compounds of Al, Mn, and Cr can form in 
alloys containing both Cr and Mn. In wrought sheet products, Cr is often present 
as the E phase ( Al 12 Mg 2 Cr) as a result of precipitation during the preheat. However, 
Cr may be retained in solution due to its low diffusivity in Al or precipitated as 
binary Al-Cr phase, depending upon exact alloy composition and process conditions. 

During annealing, alloys with higher Mg content lose proportionately more of 
their strength through recovery than do lower Mg alloys [59], which lose more of 
their strength through recrystallization, as shown in Fig. 69(a). Figure 69(b) shows 
that for alloys partially annealed back to the same strength level from the fully hard 
condition, the higher Mg alloy will have the higher elongation because of the greater 
extent of recovery. Increasing Mg and decreasing annealing temperature decrease 
the size of the recovered subgrains, resulting in higher retained strength. Other 
elements present in solution will exert an influence on the recovery behavior, but 
Mg, because of its strong influence on dislocation mobility, is dominant. 

The thickness of the oxide layer on the surface of Mg containing molten Al 
alloys is much thicker than that of pure Al [193]. Therefore, Be and Li have been 
used to reduce the oxidation of Mg at high temperature especially in the liquid state 
[120], Be was also found [194] to spheroidize Fe-bearing phases, and hence increase 
crack resistance, in Al-7 wt% Mg-3 wt% Zn alloy. Machinability is improved with 
increasing Mg content [195], and by Li [195] or Pb additions [120]. Additions of 
Cr, Zr, and Ti reduce deep drawing properties [57]. Improvements in drawability 
can be obtained by controlling the crystallographic texture during processing since 
the correct texture gives the proper orientation of slip systems to resist thinning 
in the thickness direction [57]. Mn, Cu, and Cr increase strength at the expense 
of ductility, especially in Mg alloys, but these additions are found in many of 
the commercial high Mg alloys as well. 

2.4.6 Al-Si and AI-Mg 2 Si Alloys (Al-Mg-Si, Al-Si-Mg) 

The Al-Si binary system is shown in Fig. 70, and the effect of Si content on tensile 
yield strength in binary Al-Si alloys is shown in Fig. 71. In binary Al-Si alloys, 
Si forms very small, coherent [197] clusters in solid solution, the nature of which 
depends on Si content [198]; in hypoeutectic and eutectic alloys, Si atoms associate 
with Al atoms as Al-Si clusters, whereas in hypereutectic alloys, they are present 
as Si-Si clusters. The condensation of excess vacancies into dislocation loops aids 
the nucleation of Si clusters [199,200]. Si precipitates with a diamond structure, 
without intermediate stages from these clusters. The new phase forms as rods or 
triangular plates on several planes of the aluminum matrix [155]. Nuclei are very 
small, and vacancies play an important role during the transformation from the 
coherent clusters to a noncoherent particle, which occurs at a cluster diameter less 
than 2 nm. Since Si precipitates cannot be sheared by dislocations, dislocations pile 
up at each Si precipitate during plastic deformation [201], resulting in the strength- 
ening of each slip plane and slip dispersion. The precipitation of Si becomes easier 
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Figure 69 (a) Partial anneal curves for a series of binary Al-Mg alloys cold-rolled 70% and 

annealed for 2 h at the annealing temperature; and (b) recovery of elongation with decreasing 
strength for the partially annealed alloys shown in (a). (Source Ref 59). 


with Ge additions [202]. Because the level of strength attainable by Si alone is low, 
and Ge additions are expensive, no precipitation hardenable Al-Si or Al-Si-Ge alloys 
have been commercialized. Al-Si alloys, however, are used as brazing sheet and as 
welding rod. 

Mg is often added to Al-Si alloys to form the pseudo-binary Al-Mg 2 Si ( Mg:Si= 
1 .73) for strengthening by the formation of Mg 2 Si precipitates. In alloys, with a large 
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Figure 70 Al-Si phase diagram. Drawn by Dr. Joanne Murray. (Courtesy of Alcoa). 
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Figure 71 The effect of Si content on tensile yield strength of Al-Si binary alloys. Data 
obtained from Ref. 196. 
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Figure 72 Pseudo-binary Al-Mg 2 Si phase diagram. 


excess of Si, Mg?Si content can be found by [203]; 

% Mg 2 Si = 1.578 x % Mg (25) 

The pseudo-binary system, which is presented in Fig. 72, has a eutectic at 595°C and 
a maximum solid solubility of 1.85 wt% Mg 2 Si. Si available for Mg 2 Si formation is 
affected by the presence of Mn and Fe in the alloy, and is expressed by [204]; 

Si (available for Mg 2 Si) = wt% Si — ^ (wt% Fe + wt% Mn) (26) 

Most commercial aluminum alloy extrusions are produced in the Al-Mg-Si 
alloy (6XXX series). They may be divided into three groups [71,184]. Alloys in 
the first and second group have balanced amounts of Mg and Si. In the first group, 
they add up to between 0.8% and 1.2%. These alloys, typified by 6063, can be readily 
extruded and can be air quenched at the extrusion press, eliminating the need for a 
separate solution treatment operation. The alloys in the second group contain 
Mg plus Si in excess of 1.4%. Consequently, they develop higher strength on aging. 
Because they are more quench sensitive, the products are usually either quenched 
in water after extrusion or separately solution treated and water quenched as sep- 
arate operations. About 0.25 wt% Cu is added to Al-1.0 wt% Mg-0.6 wt% Si alloys 
(6061) to improve mechanical properties (The physical metallurgy of the 
Al-Mg-Si-Cu alloys will be discussed in a later section). The alloys in the third group 
contain Si in excess of that needed to form Mg 2 Si and the presence of this excess Si 
promotes an additional response to age hardening by both refining the size of 
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Figure 73 The effect of Mg and Si contents on the ultimate tensile strength of Al-Mg 2 Si 
alloys (Source Refs 205 and 206). 


the Mg 2 Si particles and precipitating as Si. The effect of Mg and Si contents on the 
ultimate tensile strength of Al-Mg 2 Si alloys is given [205,206] in Fig. 73. Si may 
also reduce ductility and cause intergranular embrittlement, which is attributed 
in part to the tendency of Si to segregate to the grain boundaries. The presence 
of Cr and Mn counter this effect by promoting fine grain size and inhibiting 
recrystallization during solution treatment. 

Al-Si-Mg alloys (5-20 wt% Si) are the most widely used aluminum casting 
alloys because of their excellent casting properties. Expansion of silicon constituent 
phase during solidification partially compensates for the contraction of aluminum, 
and thus diminishes tendency toward shrinkage and hot tearing. Si likewise reduces 
the coefficient of expansion of the alloy [207]. However the size, shape and 
orientation of Si particles determine the fracture behavior of casting alloys [208]. 
The microstructure of an Al-7 wt% Si casting alloy is presented in Fig. 74, which 
shows Al-Si eutectic among white A1 dendrites. Addition of 0.1 wt% Mg decreases 
the Si eutectic temperature by 10°C [209], The tensile properties of Al-Si-Mg casting 
alloys were found [210] to be interrelated which can be expressed as; 

a Y — a (Tuts — b log(% elongation) — c 

For Al-10 wt% Si-Mg castings, a, b, and c are 1.02, 44, and 31 consecutively. For 
Al-7 wt% Si-Mg alloys, a, b, and c are 1.0, 60 and 13 consecutively. Yield strength 
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Figure 74 Microstructure of an Al-7 wt% Si-0.35 wt%Mg alloy. (Courtesy of Dr. Q. Wang, 
Worcester Polytechnic Institute). 



Figure 75 Rod shaped precipitates in Al-Mg 2 Si alloys. (Courtesy of A. Sachdev, General 
Motors Corp.). 

in cast alloys is not affected by porosity, whereas UTS and elongation decrease 
sharply with increasing pore area [211,212]. 

Al-Mg 2 Si alloys are normally aged at about 170°C and the complete precipi- 
tation process is among the most complex of all age hardenable aluminum alloys. 
The precipitation sequence has been subject to significant discussion and research 
[197,213-224] and the latest findings indicate the sequence, SSSS -»■ independent 
clusters of Mg and Si, co-clusters of Si and Mg -»• GP zones -»■ Si rich phase 
/?' -> /? (Mg 2 Si). Figure 75 shows the rod-shaped precipitates (/?') in 
Al-Mg-Si alloys. 
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The first stage of precipitation involves two distinct clustering reactions 
[221,222]. Mg clusters were found [222] in the as quenched state of an Al-0.65 
wt% Mg-0.72 wt% Si alloy. The Si clusters form extremely rapidly after quenching 
[199], within the first minute of artificial aging at 200°C [197], and affect subsequent 
stages of precipitation. Excess Si reduces the solubility of Mg?Si, enhances the rate 
of precipitation, and increases the density of GP zones. GP zones are fine plates 
having a thickness of one atomic layer, i.e. 2.5 nm, and a length of about 30 
nm [225], and are formed randomly in the matrix and also heterogeneously on matrix 
dislocations [226,227], GP zones consist of alternating arrangement of the columns 
of Mg and Si atoms along the (100} a direction, with a chemical composition of 
Mg:Si=l [225]. These zones are only partially coherent, in contrast to the com- 
pletely coherent GP zones, which are a common feature of most age-hardening 
aluminum alloys. GP zones can exist over a wide temperature range (up to 260°C 
[218]), and their stability is very high. 

Several GP zones aggregate with increasing aging time to form needles and 
exhibit a complicated morphology [225]. The GP zones and the /l" precipitates 
are coherent along (100) a directions with needle-like shape. The chemical compo- 
sition of P" phase is Si:Al:Mg = 6:3:1 [223]. The formation of the GP zones and 
the P" precipitates are parallel and competitive processes [197]. The results of 
differential scanning calorimetry on 6061 alloy indicated that transition from 
GP zones to p" proceeds without the dissolution of GP zones [224]. The p' transition 
phase is rod-shaped and also lies (100) a direction [69]. The equilibrium phase, 
/?-Mg 2 Si, is in non-coherent platelets, and makes little contribution to the strength 
of Al-Mg-Si alloys. 

The GP zones and the P" precipitates are easily sheared by dislocations due to 
their coherency with the matrix and small size [201], which produces strain 
localization. Intense slip bands in an Al-Mg-Si alloys formed due to the presence 
of shearable precipitates are illustrated in Fig. 76. The presence of dispersoids 



Figure 76 Transmission electron micrograph showing intense slip bands in an Al-Mg-Si 
alloy aged to produce shearable precipitates. (Courtesy of A Sachdev, General Motors Corp.). 
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Figure 77 Dark field TEM of /?' precipitates following 4% tensile strain. (Courtesy of A 
Sachdev, General Motors Corp.). 


homogenizes the slip distribution in underaged alloys [228]. Therefore, local strain 
concentrations at grain boundaries, and consequent intergranular fracture are 
reduced. (> precipitates cannot be sheared by dislocations, and increase strength 
by Orowan looping. This is shown in Fig. 77. The fringes on the rod-shaped 
precipitates are loops left behind during dislocation by-pass. 

When jf nucleates on dislocations, dislocation motion accompanies precipi- 
tation [229]. There is a strain field associated with the /?" particles, which gets gradu- 
ally relieved as the transformation progresses. When dislocations are available for 
precipitation, fi" and /?' may nucleate on any given dislocation in an orientation 
perpendicular to the Burgers vector [227], so that the misfit between the needle 
and the matrix is partially relieved during the nucleation and early stages of growth 
of the needle. This configuration allows the dislocations to climb uniformly on 
the [lOOJo, plane normal to b, in the (001) a direction, providing vacancies. The dis- 
location/precipitate relationship is then determined by the relative rates of climb 
and of particle growth [229], 

The effect of the aging delay (the time spent by the alloy at room temperature 
between quenching and artificial aging) on properties after artificial aging depends 
on the Mg 2 Si content [71,203,204,230], excess Si concentration, [230], quench rate 
[231], the temperature during the aging delay [203,204,214,219,226,232,233], the 
duration of the aging delay [203,204,214,219,226,233,234], heating rate to artificial 
aging temperature [204], as well as the temperature and duration of artificial aging 
[204,215,226,230,235,236]. The effect of 24 hr of aging delay on the change in 
the ultimate tensile strength of Al-Mg-Si alloy extrusions as a function of Mg 
and Si contents for wrought alloys is given [205,206] in Fig. 78. 

The occurrence of heterogeneous precipitation on dislocations indicates that 
solute supersaturation is not high in the alloy. Flence at low concentrations of 
Mg and Si (lower than 0.9 at% Mg 2 Si), heterogeneous precipitation on aging imme- 
diately after quenching can be expected [230]. At high concentrations of Mg and 
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Silicon (wt.%) 


Figure 78 The effect of 24 h of aging delay (preaging at room temperature) on the tensile 
strength of Al-Mg-Si extrusions as a function of Mg and Si contents (Source Refs 205 
and 206). 


Si (higher than 1.1 at% Mg 2 Si), precipitation is homogeneous when the alloy is aged 
immediately after quenching. The effect of aging delay is partially determined by 
whether nucleation is homogeneous or heterogeneous. 

In alloys containing more than 1.1 at% Mg 2 Si, many small clusters are formed 
during aging delay at ambient temperature. However, being smaller than 10 A in 
size, these clusters are able to make only a modest contribution to the mechanical 
properties of the alloy [215,230]. When the aging temperature is raised, the clusters 
cannot grow easily because of the decrease of solute atoms in the matrix. 
Subsequently, only a small number of clusters grow at the expense of others, forming 
a coarser precipitate structure. If the alloys is artificially aged without any aging 
delay, the number of clusters formed at the beginning is much smaller, so that a 
large proportion of solute atoms are still in solution. During artificial aging, some 
of these clusters will be able to absorb the excess solute, and grow to a suitable size 
to improve the mechanical properties; this is associated with a finer precipitate 
structure. On the other hand, in alloys containing less than 0.9 at% Mg 2 Si, aging 
delay at room temperature causes the refining of the final aged structure, since 
the clusters may act as nuclei of the precipitates [230]. Also heterogeneous precipi- 
tation on dislocations at low Mg 2 Si levels may also be attributed to the artificial 
aging temperatures being higher than the critical temperature above which GP zones 
do not form [204]. The critical temperature, T v is a function of Mg 2 Si content and is 
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expressed by; 

r v (°C)= 111 + 71(wt% Mg 2 Si) (28) 

During the room temperature aging delay, the zone formation takes place on 
finely distributed Si precipitates. If the duration of aging delay is short, then a rela- 
tively large concentration of alloying elements remain in solid solution. During 
the subsequent high temperature (above 70°C) aging, there is practically no new 
nucleation, and therefore, the further clustering takes place on the zones formed 
during the aging delay. In the case of short aging delays, a fine distribution and 
a large enough size of particles will successively develop with increasing aging time. 
On the other hand, in such a case the Mg concentration will increase quickly in 
the zones. With increasing aging delay, the number of zones increases and the solute 
concentration decreases. As a result of this fact, either the suitable size or the critical 
Mg concentration can be reached only after a much longer time during artificial 
aging [203,231], because it needs the resolution of some zones, the process of which 
is much slowed down by the strong binding between the Mg and Si atoms. With 
increasing aging delay, the stability of the zones increases, which leads to the increase 
of the time necessary to dissolve them. In such a case, the growth of the zones at a 
higher temperature proceeds without a reduction in their density. This fact is very 
significant, and can be explained as being due to the progressive establishment 
of a more stable internal structure of the zones during aging delay [215]. 

The addition of small amounts of Cu (e.g. 0.25 wt%) may lessen the adverse 
effects of delays at room temperature by reducing the onset and rate of natural aging 
[226], and/or promoting an increased response to artificial aging [230]. At the same 
time Cu, Ag, Be, Cd and Zn were found [230] to have an adverse effect on hardness 
upon natural aging during the aging delay, possibly due to the increase in solid super- 
saturation. A short preaging treatment at a higher temperature than that of artificial 
aging, dissolves the GP zones formed during the aging delay [220,230,232,233,236] 
which may adversely affect the properties after artificial aging. Also an artificial 
aging temperature of 200°C was found [236] to eliminate the adverse effect of aging 
delay for an Al-7 wt% Si-0.4 wt% Mg casting alloy. In addition, a two step artificial 
aging treatment, consisting of 0.5 hr at 160°C immediately after quenching, followed 
by natural aging (aging delay) and a final artificial aging of 16 hr at 160°C, was found 
[226] to eliminate the adverse effects of aging delay in an Al-1.2 wt% Mg 2 Si alloy. 
This is attributed to the large number of stable clusters, which grow during the first 
artificial aging step, and do not dissolve during storage at room temperature. 

Mn additions results in the formation of insoluble Ali 0 Mn 2 Si particles, which 
decrease Si content in the matrix [230]. Consequently response to artificial aging 
is reduced, which is associated with a coarser precipitate structure due to the 
decrease in Mg 2 Si content. On the other hand, the negative effect of aging delay 
is decreased by the addition of Mn, particularly when the alloy are quenched slowly 
(15°C/min), because of the decrease in solid supersaturation. Cr, Zr, V and Fe have 
similar effects [230]. 

The quench sensitivity of 1 wt% Mg?Si alloys with different alloying additions, 
and some 6XXX series alloys is given [231] in Fig. 79(a) and (b), respectively. Dif- 
ference in yield strength is due to the cooling rates of specimens in still air and cold 
water (0.65 and > 1000°C/sec, respectively). Alloys with Mn and Cr show the 
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(a) 



Figure 79 The difference in yield strength between water quenched and still air cooled 
specimens of (a) Al-1 wt% Mg 2 Si; and (b) some commercial alloys. Data presented in Ref. 
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highest quench sensitivity, due to formation of Mn- and Cr-bearing dispersoids 
which provide heterogeneous nucleation sites for ff. Figure 79(b) also shows the 
importance of ingot homogenization on quench sensitivity, of 6351 in particular. 
Homogenized samples are less sensitive to cooling rate during the quench. 

During the aging of Al-Mg 2 Si alloy, a transition from a fast to slow reaction 
takes place, indicating that there is a pronounced interaction between vacancies 
and GP zones [215,226,230]. As vacancies arrive at GP zones, they become blocked 
there, and will be eliminated from the matrix for a long time. Accordingly, a rapid 
transition is expected from a high to a low rate of reaction. During the fast reaction, 
the GP zones form at a rate governed by the concentration of excess vacancies ( a rate 
which will rapidly decline as the zones grow). Finally a state of equilibrium between 
the vacancies arriving at the zones and those leaving will be established. From that 
moment, the reaction will continue more slowly. This phenomenon occurs for aging 
temperatures below 80°C [215]. Only when the temperature is relatively high 
( > 120°C) is it possible for a tiny concentration of thermal vacancies to be present, 
so that the zones can grow. 

Temper affects the width of PFZs formed in Al-Mg 2 Si alloys. Underaged 
Al-Mg 2 Si alloys have narrower PFZs than the overaged alloys [228]. Additionally 
overaged alloys also contain more grain boundary precipitates, which are mainly 
Si [218]. This results in lower fracture stresses and fracture strains in the overaged 
materials. 

During the artificial aging of cast Al-7 wt% Si-0.4 wt% Mg alloys, there exists 
an interval where strength remains essentially constant near its peak value, but 
elongation increases [234,237]. Also peak strength and minimum ductility do not 
coincide in these alloys [237]. Modification of the Si eutectic by Na decreases 
age hardening rate due to the formation of ternary compounds of Na, A1 and Si [234]. 

Impurities and alloying additions affect properties of wrought and cast 
Al-Mg-Si alloys. Fe has a mild strengthening effect up to 0.8-0. 9 wt% and may 
be added to die cast alloys to minimize soldering to the die but with a loss of ductility. 
When Mn is added to the high Fe alloys, some increase in toughness may result. Mn, 
Cr, Ti, Zr all slightly harden the alloys. Zr forms fine spherical Al 3 Zr dispersoids, the 
formation of which is strongly enhanced by excess Si [238], Sr is added to Al-Si-Mg 
casting alloys to modify the Si eutectic, and to wrought alloys to modify the AlFeSi 
intermetallic constituents. In these alloys, Sr promotes the formation of more desir- 
able Chinese-script a-Al 8 Fe 2 Si instead of plate-like /TAl 5 FeS, which creates signifi- 
cant misfit strain in the aluminum matrix [239]. These large Fe-bearing 
intermetallics may also block feeding paths in casting alloys, and consequently result 
in porosity [240]. Good modification by Sr additions suppresses the formation of 
these large constituents, and help feeding [241]. Since a-Al 8 Fe2Si contains less 
Si, Sr additions result in more excess Si available for Mg 2 Si precipitation [242], Con- 
sequently, ff precipitates are denser and finer in Sr containing alloys, resulting in 
higher strength. Sr however retards the growth of (f and inhibits the formation 
of the equilibrium (i - phase during artificial aging by decreasing the Si diffusion rate 
at the A1 matrix-Mg?Si interface, and, therefore increasing resistance to overaging 
[242], The formation of a Chinese-script constituent instead of /J-Al 5 FeSi is also 
favored by small additions of Mn or Cr [209,243]. Mn additions results in the for- 
mation of a-Ali 5 (Mn,Fe) 3 Si 2 , which is virtually insoluble in A1 matrix [244]. Mn 
additions also increase resistance to recrystallization in 6XXX alloys [245], The 
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Figure 80 The effect of Mn and Fe concentrations on elongation in an Al-12 wt% Si alloy 
(Source Ref. 147). 


effect of Fe and Mn contents on the elongation in Al-12 wt% Si alloy castings is given 
[246] in Fig. 80. Trace additions of Be alters the morphology of jS-Al 5 FeSi into a new 
phase (AlgBeSiFei) with Chinese-script morphology [247,248]. Addition of 0.1 wt% 
Be to an Al-0.75 wt% Mg-0.5 wt% Si alloy significantly increases the hardening rate 
and the maximum hardness level of the alloy following solution and aging treatments 
[249], This is due to a significant increase in the density of precipitate particles. The 
addition of 0.2 wt% Ca to the same alloy has the opposite effect of Be, i.e. decreasing 
the hardening rate and the maximum hardness level, as well as decreasing the density 
of precipitate particles. 

Deformation of the solution treated Al-Mg 2 Si alloys prior to artificial aging 
usually changes properties only slightly [161], due to the relatively easy precipitation 
of GP zones. Nevertheless misfit in precipitates is relieved by the presence of dis- 
locations, which reduces the precipitation temperatures of phases [220], accelerates 
artificial aging [220,250,251], and change the effect of natural aging during aging 
delay on the properties after artificial aging [250]. Since Si nucleates heterogeneously 
on dislocations, a higher response to deformation prior to artificial aging can be 
expected when the alloy has excess Si. 

2.4.7 Al-Mg-Si-Cu 

When Cu is added to 6XXX series of Al-Mg-Si or Si added to the 2XXX series or cast 
Al-Cu-Mg alloys (e.g. casting alloy 320), the Al-Mg-Si-Cu family of alloys is formed 
with varied properties and applications. The aging response in such alloys often 
appears to be quite complex, due to the occurrence of many intermediate phases. 
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The underlying common feature in all these alloys is the occurrence of the Q phase, 
which has been previously designated as W, h-AlCuMgSi and X. An excellent review 
is provided in Ref. 252. 

The Q phase exists as a quaternary phase, and is ubiquitous as an equilibrium 
phase at most of the compositions in the Al-Mg-Si-Cu alloys. The Q phase cannot 
coexist with the S or T phases commonly observed in the Al-Cu-Mg system, or with 
the Al 8 Mg 5 (/?) phase in the Al-Mg system [252]. In addition, as mentioned 
previously, Si additions to an Al-Cu-Mg-Ag alloys results in the precipitation of 
Q' phase, which in turn, prevents the nucleation of D phase, that is the characteristic 
of Al-Cu-Mg-Ag alloy [156]. Q' also promotes a finer distribution of 9'. 

Unlike /?" to ff transition which involves a transition to a crystallographically 
new phase, the lath shaped precursor phase of Q maintains the same crystal structure 
and even morphology from peak age through the overaged condition. Only its size 
increases [213,252,253], The exact composition of the Q phase is unknown, but 
has been stated as Al 4 Cu 2 Mg 8 Si 7 [254], Al 5 Cu 2 Mg 8 Si 6 [255] and Al 4 CuMg 5 Si 4 [120]. 
When Q forms from the liquid, it forms in a complex honeycomb morphology of 
micron size, as shown in the SEM secondary electron image for a 2014 sample 
in Fig. 81(a) [252]. Optically the structure appears as heavily networked as shown 
in Fig. 81(b) [252]. Sometimes, Q has Mg?Si phase interspersed within its interstices 
as shown by the black dots in the 2017 sample in Fig. 81(c). The as-cast Q phase 
morphology changes with long thermal exposure during homogenization, and 
the Q phase may also precipitate in the solid state during high temperature anneals. 
In these cases, it often forms as round or oval particles at the grain boundaries [256]. 
Q' has a lath morphology and the orientation relationship has the long axis parallel 
to (100) and {150} habit planes of the matrix. Since both Q' and [’>' have their 
long dimensions parallel to the (100) directions of the aluminum matrix, Q' can 
easily be mistaken for /?'. The lath morphology distinguishes Q' from the needle 
shaped /?'. 

Because of the shape and habit plane of the Q' precipitate, it has a total of 12 
variants within the aluminum matrix [252]. A moving dislocation, therefore, sees 
a different configuration of strain fields and precipitate morphologies in front of 
it. This may be one of the causes of the increase in strength of the Al-Mg-Si alloys 
with Cu additions [252]. Also for many commercial alloy compositions, the relative 
amount of Q' phase is expected to be higher than the other strengthening phases. 
This follows from the fact that equilibrium phase calculations show Q as the domi- 
nant phase present at all these compositions, and the lath phase (i.e. Q') increases 
in amount with aging compared to other phases [213,216]. Thus the overall volume 
fraction of Q' may be much higher than either ff or 9'. Also, the Q' precipitates 
have very line sizes, most likely even finer than /?'. Hence, the combinations of high 
volume fraction, fine size and morphological advantage puts Q' as a likely dominant 
strengthening phase in Al-Mg-Si-Cu alloys [252]. 

Most commercial compositions in the ternary Al-Mg-Si alloys, at normal aging 
temperatures, occur in a ternary phase field consisting of the equilibrium phases; 
primary aluminum, /I and (Si). When Cu is added, the coexisting phase fields expand 
into three tetrahedron composition spaces. Inside each of these, there exists a four 
phase equilibrium consisting of the two common phases, namely Al, and the 
quaternary intermediate phase (Q), and two of the other three phases, namely 9, 
P and Si. This is schematically shown in Fig. 82 [252]. When Si is added to the 
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Figure 81 The structure of Q phase in (a) 2014 alloy, showing the honeycomb structure; (b) 
an ingot sample with Mg:Si > 1, showing the Q phase with an intertwined structure; and (c) 
2017 alloy showing dark Mg 2 Si particles interspersed inside the Q phase. Reprinted from 
Ref. 252. (Courtesy of Alcoa). 
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Figure 82 Line diagram of stable equilibrium phase fields in Al-Mg-Si-Cu system at normal 
aging temperatures. Reprinted from Ref. 252. (Courtesy of Alcoa). 


Al-Cu-Mg alloys, the three-phase field, consisting of Al, 6 and S, expands into the 
tetrahedron consisting of (Al), 6, S and (i phases at low Si content. At higher Si 
contents, a switch over occurs to the tetrahedron in which Q replaces S, and the 
tetrahedron consists of the phases (Al), 6, /i and Q, similar to those present when 
Cu is added to 6XXX alloys. This switch over to the tetrahedron phase fields con- 
taining S to the tetrahedron containing Q accounts for the abrupt change in phase 
combinations that have been observed in the past above certain Si levels in 
Al-Cu-Mg alloys [257], Each tetrahedron being associated with specific phase com- 
binations also shares the particular engineering properties identified with different 
alloys. The distribution of some of the common commercial alloys in the three 
tetrahedron phase fields is listed in Table 9. Although only Cu additions to Al-Mg-Si 
will be discussed hereafter, equivalent phase relations and property results can also 
be expected with Si additions to Al-Cu-Mg. 

When the Mg:Si ratio is greater than about 1, the compositions lie, at normal 
aging temperatures, in Tetrahedron I having the coexisting phases, (Al), Q, 6 
and f>. When Mg: Si is less than 1, the compositions correspondingly occupy 
Tetrahedron II having the coexisting phases, (Al), Q, 9 and (Si). Tetrahedron III 
composition field is occupied when the Cu level is low. This level of Cu varies with 
the Mg and Si, and is generally less than 0.2-0. 5%. A clearer view of the tetrahedral 
phase fields is shown in a schematic projection of the ( Al) comer of the tetrahedron 
onto the Q corner of the tetrahedron whereby the tetrahedrons are projected in 
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Table 9 The Distribution of Some of the Common Commercial Alloys in the Three 
Tetrahedron Phase Fields ( Source : Ref. 252) 



Tetrahedron 



Composition 


1 

II 

III 

Mg 

Si 

Cu 

2017 



0.40-0.8 

0.2-0. 8 

3.50-4.5 

2036 



0.30-0.6 

0.5 

2.20-3.0 

6061 


6061 

0.8-1. 2 

0.4-0. 8 

0.15-0.4 

6013 



0.8-1. 2 

0. 6-1.0 

0.60-1.1 


2014 


0.20-0.8 

0.5-1. 2 

3.90-5.0 


2008 


0.25-0.5 

0.5-0. 8 

0.7-1. 1 


6111 


0.50-1.0 

0.7-1. 1 

0.50-0.9 


6009 

6009 

0.40-0.8 

0.6-1. 0 

0.15-0.6 



6016 

0.25-0.6 

0.9-1. 3 

0.2 



6022 

0.45-0.7 

0.8-1. 5 

0.01-0.11 



Figure 83 Al-Mg-Si-Cu alloys grouped by phase field occupancy on a pseudo-projection of 
four-phase field tetrahedron. Reprinted from Ref. 252. (Courtesy of Alcoa). 

two dimensions as triangular fields, as shown in Fig. 83. In the Al-Mg-Si alloys, a 
Mg/Si ratio of 1.73 (corresponding to the 2:1 stoichiometry of Mg 2 Si) is assumed 
for the formation of ft, and for the calculation of excess Si required to form the 
(Si) phase. Recent studies [216] however showed that for the metastable precursor 
phases, the appropriate composition ratio should be more like 1:1. In the 
Al-Mg-Si-Cu system, the Mg/Si ratio defining the tetrahedron boundary is also close 
to 1:1 [252], Thus all the excess Si compositions, only those having Mg/Si < 1, 
belong to the Tetrahedron II phase field. In other words, the stabilization of (Si) 
in preference to Mg 2 Si requires higher Si in the quaternary alloy than assumed 
in the ternary alloy. 
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In both Tetrahedron I and II, Cu has the strongest (positive) effect on the 
amount of 0 and much less on the amount of other coexisting phases. Increasing 
Si strongly increases Q in Tetrahedron I, and (Si) in Tetrahedron II. Increasing 
Mg increases Mg 2 Si in Tetrahedron I and Q in Tetrahedron II. Although the 
addition of Cu to Al-Mg-Si alloys introduces the Q phase, it also be discussed 
hereafter, equivalent phase relations and property results can also be expected with 
Si additions to Al-Cu-Mg. 

Figure 84 shows how specific alterations, often in terms of Mg:Si ratio, can 
change alloy types. The composition alterations change the alloy type from one 
tetrahedron phase field to another, or even to a three phase or two phase field 
paralleling a shift to a ternary composition. It may be noted that the switch from 
Tetrahedron I to II occurs with a decrease of Mg or an increase of Si or their com- 
binations. The reverse composition relations hold for a switch from Tetrahedron 
II to I. 

The tetrahedron phase fields refer to the equilibrium phases. They do not pre- 
dict all the metastable phases that may occur during artificial aging. Irrespective 
of the composition fields, the metastable fi" is the dominant intermediate phase pre- 
sent in both the Al-Mg-Si and the Al-Mg-Si Cu alloys in the early stages of aging. 
The /(" phase is needle shaped with the long axis along (100) of the matrix. After 
peak aging of the Al-Mg-Si-Cu alloys, some of the needle shaped /)" precipitates 
are replaced by rod shaped phase /?' and other are replaced by lath shaped 
precipitates. The lath shaped precipitate was originally observed [253] in 6061 alloy, 
and was called B'. The distinct lath morphology was confirmed [213,216] to be associ- 
ated with the precursor of Q phase. This phase grows at the expense of /l", and in 
overaged tempers it completely replaces fi”, when the Cu addition is 1.0 wt% [213]. 
Table 10 provides a brief review of the literature in terms of the phases identified 
during the artificial aging of Al-Mg-Si-Cu alloys [252], 

Large increases in strength can be obtained on adding Cu to Al-Mg-Si alloys, 
accompanied by considerable refinement in the precipitate structure. Although 
the increase in strength has been ascribed [259] to finer and more numerous ft pre- 
cipitates, they are more likely to be the Q phase precursors [252]. 

2.4.8 Al-Zn-Mg Alloys 

Alloys based on the Al-Zn-Mg system have the highest response to age hardening of 
all aluminum alloys. These 7XXX alloys have lower densities than Al-Cu based 
alloys, and their high specific strength combined with recent advances in improving 
their resistance to stress corrosion cracking (SCC), fracture toughness, and resist- 
ance to exfoliation corrosion have allowed alloys based on this system to remain 
the choice for compressively loaded structure for aircraft. The high strength alloys 
are also used for sporting goods. Other, lower strength weldable alloys compete 
with Al-Mg-Si alloys for use in construction and ground transportation applications. 

Mg addition greatly reduces the low temperature solubility of Zn in A1 [261]. 
Spherical GP zones are formed after quenching and during aging from room tem- 
perature up to approximately 162°C. The zones at the start are mainly Zn clusters, 
and Mg diffuses to them with the help of vacancies [262] to form GP zones with 
an average Zn:Mg ratio of 4:1 [263]. Resistivity and strength data for 7075-W 
and 7050-W indicate that GP zones nucleate during the first day of natural aging, 
and then grow with no change in aging kinetics between one day and several years 
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Phase Fields at Aging Temperatures (Alloy System) 



Figure 84 Commercial Al-Mg-Si-Cu alloys grouped in different phase fields. The shift of 
the phase fields with composition changes from one alloy to another is shown by the arrows. 
The alloys are arranged vertically down in each column in the chronological order of their 
development. Reprinted from Ref. 252. (Courtesy of Alcoa). 
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Table 10 Phases Identified During the Artificial Aging of Al — Mg — Si — Cu Alloys 


Mg 

Si 

Cu 

Metastable 

Phase(s) 

Stable Phase 
Tetrahedron 

Reference 

1.0 

0.6 

0.3 

B\ P 

1 

253 

0.9 

0.25 

2.0 

p, S',X' 

1 

257 

0.9 

0.48 

2.0 

Q', O’, X' 

1 

257 

0.8 

0.79 

0.18 

B'. ft 

III 

216 

0.87 

0.65 

1.0 

U ft 

I 

213 

1.0 

0.58 

0.52 

p\ “Rectengular” 

I 

258 

0.6 

0.8 

0.3, 0.6 

P; 0' 

II 

259 

0.53 

0.87 

4.3 

X'; 0' 

II 

260 


[95], Fig. 85. These results are consistent with the theory that the yield strength of 
7XXX-W products is proportional to the size of GP zones. Extended warm aging 
of alloys with high Zn:Mg ratios produces the transition precipitate r\', the precursor 
of the equilibrium Mg(Zn,Cu,AI) 2 , i] phase. Figure 86 shows if precipitates in the 
matrix and i] at grain boundaries in 7075-T735. For low Zn:Mg ratios, T phase 
((Al,Zn) 49 Mg 32 ) may form [69,135]. Typical values of tensile strength achievable 
in this system are superimposed on the ternary phase diagram in Fig. 87. Thin dashed 
lines represent ultimate tensile strength and the thin solid lines represent the tensile 
yield strength as a function of composition. 

It is widely recognized that the precipitation sequence in Al-Zn-Mg-(Cu) alloys 
can take many forms depending on conditions of quenching and aging. The phases 
formed depend more on the temperature of aging than the position of the alloy 
in the phase diagram. An extensive review of the phases formed is given in Ref. 
264. Because of the great importance of precipitate size and distribution, maximum 
strengths are achieved in the commercially important peak aged T6 and overaged 
T7 tempers when the following sequence is observed [104]: 

SSSS — »■ GP zones — »■ if — »■ rj 

where the assumption is that each metastable decomposition product in someway 
generates nuclei for the subsequent stage. GP zones are coherent, whereas rf is 
semicoherent and ;; is incoherent [118]. Both GP zones and if are sheared by dis- 
locations, and the energy to shear if is about twice that required to shear GP zones 
[82]. if and i] can form directly during quenching and aging by heterogeneous 
nucleation. Since if is semicoherent, it can nucleate and grow directly on dislocations 
and subgrain boundaries. Likewise, r\ can nucleate and grow directly on grain bound- 
aries and other incoherent boundaries such as those that exist between the matrix 
and Al 12 Mg 2 Cr dispersoids. Stacking fault energy of if precipitates is reported 
as 350 [79] to 370 mJ/m 2 [67], In an Al-Zn-Mg-Cu alloy (7050), oy, a, and fl were 
found [67] to be 150 MPa, 3.8 xlO 7 MPa m~ a5 , and 6.7 MPa m, respectively. 
(D p ) s ^ h is 6 nm at an / of 0.038. 

There exists a strong interdependence between quenching and aging treatments 
of Al-Zn-Mg-Cu alloys [104,265]. This interaction is more or less dominated by the 
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Figure 85 The effects of natural aging time on strength and resistivity of alloys 7075 and 
7050 sheet. Reprinted front Ref. 95. (Courtesy of Alcoa). 



Figure 86 tf precipitates in matrix and >/ precipitates on grain boundaries in 7075-T735. 
(Courtesy of Prof. E. A. Starke, Jr., University of Virginia). 


influence of quench rate on nucleation and stability of GP zones. Both volume 
fraction of GP zones and their size are greater for more rapidly quenched samples 
after a particular amount of natural aging. Because GP zones nucleate 
homogeneously, precipitate density is high and spacing is small. This in turn pro- 
motes a favorable distribution of rj' as the degree of precipitation is advanced during 
artificial aging. At the lower temperatures, the formation of the GP zones is 
spontaneous, but on aging above a critical temperature, there emerges an apparent 
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UTS Zinc (wt.%) 

YS 


Figure 87 Al-Zn-Mg ternary phase diagram and the typical values of tensile strength 
achievable in this alloy system (Source Ref. 272). 


barrier to nucleation, resulting in a heterogeneous precipitation of GP zones on 
lattice defects, particularly on dislocation loops, which vary in size from about 
700 A to about 1500 A in diameter in Al-Zn binary alloys [266]. This critical tem- 
perature for spontaneous GP zone formation varies with alloy composition, and 
lies typically between 90°C and 180°C [135], If for some reason GP zones become 
unstable during the early stages of artificial aging and dissolve, rj' (or rj) 
heterogeneously nucleates directly (misfit ~7% [118]) in much coarser distribution, 
resulting in degraded strengths. Aging delay produces a narrow, stable GP zone 
size distribution, which remains stable upon final artificial aging [267]. Because 
the GP zones that form during low temperature aging of Al-Zn-Mg and 
Al-Zn-Mg-Cu alloys have very low coherency strains [267], deformation prior to 
aging has little or no effect on the precipitation behavior [69,118,161,268]. The intro- 
duction of heterogeneous sites can even reduce strength by altering the relative 
amounts of the different precipitates (GP zones, tf and rj), the relative proportions 
of which determine strength [118]. Depending on the aging treatment, the net effect 
can be lower strength [95,118]. For instance, strength of hot worked alloy 7075 prod- 
ucts is virtually unaffected by introducing dislocations during the mechanical stress 
relief following quenching when they are aged 24 hr at 121°C (T6 temper). In con- 
trast, strengths of similar material overaged at temperatures of about 150°C or 
higher (T7 temper) are progressively reduced as the magnitude of the deformation 
introduced after quenching is increased [118], This is due to a coarse distribution 
of i ] precipitates which provide lower strength than those nucleated at GP zones [95]. 

Copper additions above 0.25 wt% increase the strength of Al-Zn-Mg alloys 
[64,69,267], but the main reason for this addition is to provide improved resistance 
to stress-corrosion cracking [160] and to stimulate the precipitation throughout 
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the matrix, and thereby reducing the size of PFZ [118]. Additions above about 1.5 
wt% significantly increase resistance to stress-corrosion cracking even in the critical 
short-transverse direction [269]. Concentrations up to 1 wt% do not change the basic 
precipitation mechanism, and in this range, add a component of solid solution 
hardening. When in excess of 1 wt%, Cu precipitates during aging, decreases the 
coherency of the precipitate when aged to peak strength [69], and increases the tem- 
perature of GP zone formation [270]. In quaternary Al-Zn-Mg-Cu alloys, the phases 
MgZn 2 and AlMgCu form an isomorphous series, with A1 and Cu substituting for 
Zn in MgZn 2 . The phase in the region near MgZn 2 is often designated 
Mg(Zn,Cu,Al) 2 . Copper affects the precipitation reactions. Early work showed 
effects during the early stages of hardening [271]. Once the first stage of hardening 
is completed, the Cu-bearing quaternary alloy were reported to age-harden in 
the same way as the equivalent ternary alloys [135], Later work, which led to 
the development of 7050, however, showed strong effects of Cu contents above about 
2 wt% on aging response during the high-temperature (above about 150°C) stage of 
aging to T7-type tempers. The substitution of Cu and A1 for Zn in eta phase during 
aging above this temperature significantly improves resistance to stress-corrosion 
cracking (even in short-transverse direction) and to exfoliation corrosion. This 
high-temperature aging reduces strength, but subsequent aging at lower tempera- 
tures increases strength [272]. 

The addition of Cu to Al-Zn-Mg alloys progressively reduces their weldability. 
The sum, [Zn] + [Mg] + [Cu], controls strength and formability [120], but resistance 
to SCC and exfoliation corrosion depends strongly on the levels and ratios of these 
elements. The effect of three alloying additions on yield strength developed in freshly 
quenched (W), and peak strength (T6) is depicted in Fig. 88 [273]. The increase in W 
temper is due to solution strengthening, whereas in T6 temper, is due to age 
hardening, which is much more effective in increasing strength than solutes. 

The addition of Ag to Al-Zn-Mg alloys can stimulate an enhanced response to 
age hardening in a manner similar to its effects in Al-Cu-Mg alloys [271,274]. Figure 
89 [274] represents the Al-rich corner of the Al-Zn-Mg phase diagram and shows 
contours representing constant increments in hardness that may be achieved with 
the addition of 0.5 wt% Ag. Figure 89 shows that the response of Al-Zn-Mg alloys 
to Ag additions is not controlled by the position of the alloy in the phase diagram. 
The maximum hardening response occurs when Ag is added to compositions for 
which the product [Zn]x[Mg]=8.5 (wt%) [274]. Ag stimulates a finer and more uni- 
form nucleation of This is due to an interaction between vacancies, Mg and 
Ag atoms. It is suggested [275] that Ag reduces the size of the stable GP zones. 
Ag additions, however, are not practical in commercial 7075 alloy, because mill 
heating rates are low enough to allow stable GP zones to form before precipitation 
temperature is reached [275,276]. In addition, Ag containing alloys develop lower 
strengths than Ag-free alloys with 0.2 wt% Cr or 0.35 wt% Mn, when the quench 
rate is not high. This quench sensitivity may be due to the high level of interaction 
of Ag atoms with vacancies [275]. Quench sensitivity of some commercial and 
experimental alloys is presented in Fig. 90. 

In weldable alloys, solidification cracking susceptibility increases with increas- 
ing Cu and Cr contents, and decreases with increasing Mn and Zr contents [277]. 
Effects of Fe and Si impurities depend on the alloy. In the weldable alloys, Fe 
and Si combine with A1 during a eutectic reaction to form Al-Fe-Si constituent 
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Figure 88 The effect of three alloying additions on yield strength developed in freshly 
quenched (W), and peak strength (T6). Reprinted from Ref. 95. (Courtesy of Alcoa). 



Figure 89 The increase in hardness that can be achieved by 0.5 wt% Ag additions 
superimposed on the ternary phase diagram (Source Ref. 272). 


particles. In 7XXX alloys containing Cu, however, all of the Fe resides in the 
intermetallic phase A^CmFe. There is virtually no effect of Fe on strength since 
Cu is not the major strengthening addition in 7XXX alloys [64]. However increasing 
Fe content causes a decrease in fracture toughness. Si results in the formation of 
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Figure 90 Quench sensitivity of some commercial and experimental alloys, expressed in 
terms of difference in Vickers Hardness Number (VHN) between the fast-quenched and 
slowly-quenched locations. Data obtained from Ref. 103. 


Mg 2 Si constituent phases. The combined effect of Fe and Si on the toughness of 7050 
alloy is given [107] in Fig. 91. Formation of Mg 2 Si removes Mg from solid solution 
and thus lowers the amount of Mg available for precipitation of the strengthening 
phase, Mg(Zn,Cu,Al) 2 . Therefore, when reducing Si levels to increase fracture 
toughness, Mg levels must also be reduced to avoid a strength increase and an associ- 
ated drop in toughness. The constituent particles formed by Fe and Si can stimulate 
quench sensitivity and can magnify the effects produced by dispersoid forming 
additions when these are present [278] as discussed in the following section. 

Dispersoid forming elements are added to all commercial Al-Zn-Mg-(Cu) 
alloys. They improve resistance to stress-corrosion cracking in the longitudinal 
and long-transverse directions by precipitating as dispersoids which control the 
degree of recrystallization and modify the grain structure by Zener drag. In alloys 
containing less than about 2% Mg, Cr precipitates as AlyCr, but forms Al 12 Mg 2 Cr, 
(E phase), dispersoids in alloys with higher Mg. This noncoherent dispersoid 
increases the quench sensitivity in 7XXX alloys, particularly those containing 
Cu by nucleating rj phase at the dispersoid-matrix interface during the quench. 
Manganese has also been added, usually in conjunction with Cr, to form dispersoids 
in 7XXX alloys. It forms AlMn6 in Cu-free alloys and Al 2 oCu 2 Mn 2 in Al-Zn-Mg-Cu 
alloys. Both of these dispersoids are larger than E phase particles and are not as 
effective in controlling the degree of recrystallization and the shape of recrystallized 
grains. Zr is the most effective alloying addition for inhibition recrystallization. Zir- 
conium forms a coherent A^Zr dispersoid approximately 20 nm in diameter which 
minimizes quench sensitivity [69,279]. 

Depending on particle size and the nature of the particle-matrix interface, 
dispersoids play a significant role in the fracture process. The strength-toughness 
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Figure 91 The combined effect of Fe and Si on the toughness of 7050 alloy (Source Ref. 
107). 


i 



(represented by propagation energy) relationships in Fig. 92 were determined [107] 
for 7075 variants containing different dispersoid forming elements. Since Zr particles 
are smaller and coherent with the matrix, they tend not to participate in the fracture 
process. Fracture resistance is maximized by reducing the volume fraction of con- 
stituent particles, and relying on Zr additions for grain structure control. The 
presence of incoherent Mn-bearing dispersoids not only decreases toughness 
significantly, as depicted in Fig. 92, but also accelerates crack propagation under 
cyclic loads [280]. Aging times and temperatures should be chosen to minimize grain 
boundary precipitation, since fracture toughness decreases with increasing area 
fraction of grain boundary precipitates for Al-Zn-Mg alloys. The fracture toughness 
of 7XXX alloys also decrease with an increase in the extent of recrystallization. The 
fracture path (in plain-strain fracture toughness) of 7050 alloy specimens is a func- 
tion of the degree of recrystallization, specimen orientation, and aging conditions 
[281]. 

In Al-Zn-Mg alloys, easy motion of dislocations within the PFZs along grain 
boundaries leads to a large local strain hardening. The cracking properties of these 
alloys have been explained [282] by the large internal stresses appearing at grain 
boundaries where dislocation bands are formed in the aged alloy. These dislocation 
bands are formed when moving dislocations cut through dispersely distributed 
precipitates. 

Cr improves resistance to stress-corrosion cracking, but forms a noncoherent 
dispersoid (Ali 2 Mg 2 Cr) which increases the quench sensitivity of Al-Zn-Mg alloys. 
Zr is the most effective alloying addition for inhibiting recrystallization. Zr forms 
a coherent dispersoid which minimizes quench sensitivity [279]. V has a greater effect 
on the quench sensitivity of Al-Zn-Mg alloys than Cr and Mn [278]. The effect of Zr 
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Figure 92 The strength-toughness relationship for 7075 variants containing different 
dispersoid forming elements (Source Ref. 107). 


on quench sensitivity is the less than V, Cr and Mn. Commercial impurities, such as 
Fe and Si, alone can stimulate quench sensitivity, and can magnify the effects pro- 
duced by minor alloying additions when these are present [278], For a given minor 
alloying addition and impurity level, alloys with lower solute supersaturations 
exhibit lower quench sensitivity. Alloys with high Zn:Mg ratios allow solute 
supersaturation to be reduced without sacrificing age-hardening capacity [278]. 

Additions of Sc result in formation of coherent AI 3 SC dispersoids, which retard 
recrystallization [283-285] by increasing the recrystallization temperature to above 
600°C [285]. Despite their coherency, Al 3 Sc dispersoids cause significant lattice 
strain due to high coherency mismatch. As a result, dislocation motion is blocked 
and grain growth is impeded. When Sc is present in the alloy together with Zr, 
the synergism between these two elements is particularly effective in inhibiting 
recrystallization through the formation of extremely fine, thermally stable 
Al 3 (Sc/_ x Zr x ) particles [285]. These particles have also been found [283] to impede 
the initiation of fatigue cracks. 
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Nomenclature 

a: lattice parameter 

b : Burger’s vector 

e s : shear strain 

G: shear modulus of aluminum 

v: Poisson’s ratio 

R: radius of an atomic site 

s: atomic size difference between aluminum and the solute atom 

K: a constant 

G p : shear modulus of solute atom 

k. the effective inter-particle spacing 

Aq: geometric slip distance 

D p \ the mean planar diameter of the particles 

r D : the core radius of the dislocations 

c : an alloy constant that depends on the particular strengthening mech- 

anism 

/: the volume fraction 

rd : the particle radius 

<r y : yield strength 

<j{\ frictional stress 

<r t : true stress 

d: grain/ substructure size 

k\\ a constant that characterizes the difficulty of transmitting slip across the 

boundary for a given alloy system. 

U : specific surface energy of GP zones 

F: line tension of dislocations 

Pgd: density of geometrically necessary dislocations 

p D : dislocation density 

e: true strain 

L ± : equilibrium separation of dislocations 

y. stacking fault energy of aluminum 

E[\ energy of formation 

T: temperature 

q: Boltzmann constant 

r p : stress acting on a pile-up of dislocations 

M: Taylor’s factor ( ~3) 

(Dp) s ^b- critical precipitate diameter at which precipitates can no longer be 
sheared by dislocations 
7 apb: anti-phase boundary energy 
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Recrystallization and Grain Growth 


WEIMIN MAO 

University of Science and Technology Beijing, Beijing, China 


1 INTRODUCTION 

The human history of using metals can be traced back to tenth millennium BC, 
during which people in the Middle East could fabricate natural copper and use 
it [1], In the seventh millennium BC people in Anatolia could possibly produce lead 
and copper [2], Towards the end of the fourth millennium BC the people knew 
already that natural copper could be hardened by cold-working and softened by 
annealing [3], therefore the recrystallization treatment should be one of the oldest 
physical metallurgical processes used by human being. The concept of 
“recrystallization” appeared in 19th century [4] and the corresponding theories have 
been intensively investigated since then. 

The recrystallization will appear in all reheating processes of aluminum alloys 
which have been hot or cold deformed. All heating processes of aluminum poly- 
crystalline alloys would induce grain growth. The recrystallization and grain growth 
will change the chemical, physical and mechanical properties of the alloys. Therefore 
the corresponding heat treatments have been widely applied in the production of 
aluminum alloys, such as hot rolling, thermomechanical working, recrystallization 
annealing, grain growth heating, aging etc. 

At the beginning of this chapter the basic formation mechanisms and charac- 
teristics of deformation microstructure, as well as the defect structure in aluminum 
alloys are briefly reviewed. Starting from the deformed state the recovery and pri- 
mary recrystallization processes including formation of recrystallization texture 
during annealing are introduced. Then the process of dynamic recrystallization 
is discussed. At the end of the chapter the processes of normal grain growth as well 
as anomalous grain growth, i.e. the secondary recrystallization are reviewed. 
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2 STRUCTURE OF DEFORMED ALUMINUM 

2.1 Crystallographic Deformation Process 

Aluminum is a crystalline material with rather high stacking fault energy [5] (SFE, 
250mJ/m 2 ), so its plastic deformation is carried out mainly by dislocation slips 
in the lattice structure. Under the critical resolved shear stress (CRSS, 7.9xl0 5 
N/m 2 ) [6] on a definite crystallographic plane (slip plane) the dislocation slip will 
start in a way shown in Fig. 1, in which the unit translation vector b in slip direction 
of atoms is called Burgers vector. A slip system consists of a slip plane and a slip 
direction, however, in aluminum and its alloys the slip plane is the {111} plane 
and the slip direction is the (110) direction. 

Different slip systems on several slip planes are very often activated simul- 
taneously during cold deformation, which results in a multi-slip of dislocations. 
The deformation induced density increase of vacancies, dislocations and grain 
boundaries act as obstacles to further movement of dislocations and lead to work 
hardening of deformed aluminum. 

2.2 Deformation Microstructure 

Cold deformation can result in the shape change of grains in polycrystalline 
aluminum, and the grains could be elongated along the external drawing stress. 
Figure 2 gives the shape change of grains in a commercially pure aluminum 




dislocation line 



d. 



Figure 1 Fundamental process of dislocation slip in crystallographic lattice (a, b, c, d). 
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(b) 



(c) 

Figure 2 Cold rolling structure in a commercially pure aluminum (99.9%A1) 
! 100 ; ‘ m | . (a) 0% reduction; (b) 45% reduction; (c) 95% reduction. 


ND 

RD 


(99.9% Al) during cold rolling. It can be seen that the grains are elongated in the 
rolling direction. An important microstructure characteristic is the cell structure 
which can be observed using transmission electron microscopy [7]. Figure 3 shows 
the cell structure of a 80% rolled Al-1.3 wt% Mn alloy sheet [8], The dislocation 
density is very low within the cells but very high in the cell walls. Generally 
the cell size is 1-3 /an or less, and the orientation differences between adjoining 
cells are less than 2°. The cells will become more elongated if the deformation 
degree increases. 
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Figure 3 Cell structure of 86% cold rolled Al-1.3 wt% Mn alloy sheet , lfim , . (Courtesy of 
Dr. P. Yang, from Ref. 8.) 


2.3 Defects Induced by Deformation and the Stored Energy 

Certain crystal defects exist always in aluminum lattice even in an undeformed 
stable state. The defects include point defects (vacancies, interstitial atoms, sub- 
stitutional atoms), one-dimensional defects (dislocations), two-dimensional 
defects (boundaries, stacking fault, etc.) and three-dimensional defects (particles 
of second phase, impurities, etc.). These defects will act as obstacles to dislo- 
cation movement. 

During deformation the moving dislocations intersect with other dislocations, 
and lead to the increase of vacancy density mostly from the non-conservative motion 
of jogs on dislocations [9], Considering the changes of deformation microstructure, 
e.g. shown in Fig. 2, the length of grain boundaries are also increased in deformed 
matrix. However, the most important defect increase after deformation should 
be the dislocation multiplication. When a piece of aluminum is plastically deformed, 
a large amount of external work is expended. Most of the work is transformed into 
the form of heat energy, but a small fraction of it will remain in the deformed matrix 
as stored energy, of which about 80-90% will be the energy due to the generation of 
dislocations [6], The portion of stored energy induced by vacancies is so small that 
it could be actually neglected, and the most sub-boundaries induced by deformation 
consist of special dislocation configurations which contribute to the increase of dis- 
location density. 

The dislocation density p and the stored energy increases with increasing 
degree of deformation. It is estimated that the dislocation density in aluminum 
is 10 10 /m 2 in the annealed state [10] and 10 15 /m 2 in a heavily deformed state [5], 
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(cf. Section 3 of this chapter, dislocation energy per unit volume could be estimated 
at 0.5 pGb 2 , where G is about 2.5xl0 10 N/m 2 and b is 3.5xlO~ 10 m for aluminum) 
therefore the corresponding energy should be roughly 20 J/m 3 and 2xl0 6 J/m 3 
respectively. So the stored energy in heavy deformed aluminum is about 
2xl0 6 J/m 3 . 

The impurity atoms in aluminum lattice increase the stored energy at a given 
strain, since they hinder the normal dislocation motion and thereby result in an 
additional dislocation multiplication. The dislocation multiplication is also 
enhanced by decreasing initial grain size, i.e. more boundaries, or by particles of 
second phase. These defects act as obstacles to dislocation movement. 

2.4 Deformation Texture 

Grain orientation will be rotated relative to the external stress axes during plastic 
deformation. If a drawing force F acts on an aluminum single crystal and leads to 
activation of a slip system (Fig. 4(a)), there will be a moment M = F.x acting on 
the deformed crystal (Fig. 4(b)). The orientation of the crystal will remain 
unchanged after the dislocation slips to certain extent. The applied moment will 
result in a rotation of the crystal into a stable state shown in Fig. 4(c), after 
which the crystal orientation has been changed. The similar orientation change 
could also appear in the compression deformation of an aluminum single crystal 
(Fig. 5). 

If the deformation and the corresponding orientation rotation proceed further, 
other slip systems can also be activated, which will influence the rotation path of the 
crystal orientation. But the orientation change will become less and less obvious if 
the crystal has been deformed heavily, i.e. the crystal orientation has approached 
the final stable position. The orientation changes in a polycrystalline aluminum 



Figure 4 Rotation of an aluminum single crystal during tensile test (a, b, c). 
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Figure 5 Rotation of an aluminum single crystal during compression test (a, b). 



are more complicated. Figure 6 gives schematically a compressing or rolling process 
of a polycrystal. The grain orientations have different rotation behaviors, but they 
will rotate towards one or several final stable orientation positions after heavy 
deformation, and therefore a deformation texture will be formed, i.e. the grain 
orientations have a preferred distribution. The most important characteristic of 
texture is that the orientation distribution of a polycrystal has apparently deviated 
from the random distribution. 

The wire drawing texture in aluminum is (1 1 1} liber texture [1 1], and the rolling 
textures are {112} (11 1}, {01 1}(21 1) and {123} (634) [12], The shear deformation, e.g. 
torsion deformation [13] or inhomogeneous rolling [14] produces {00 1 } ( 1 10) and 
{111} fiber texture. 


3 RECOVERY 

3.1 Recovery Phenomena 

Because of the high stored energy the deformed aluminum is in an unstable state. But 
at very low temperature the deformed state remains unchanged, since the defect 
structure is still mechanically stable. On annealing the stored energy induced by 
heavy deformation is progressively released due to the thermodynamic activation 
process. 

For the first annealing stage at relatively low temperature or for short time the 
dislocation density is drastically reduced from 10 15 /m 2 down to 1.5 x 10 14 /m 2 [5], but 
the basic deformed microstructure is retained, and therefore this stage is called 
recovery. The stored energy released during the recovery annealing of deformed 
aluminum should be entirely caused by dislocation rearrangement and reduction, 
since vacancies produced by deformation have migrated out of the lattice structure 
at room temperature [15]. 
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At the beginning of annealing the recovery process starts immediately, i.e. no 
incubation period. There is no migration of high angle boundaries during recovery. 
After recovery the deformation texture remains, the electrical resistivity is slightly 
decreased [16] and 40% of the hardness induced by work hardening could be 
recovered for deformed pure aluminum [17]. 


3.2 Dislocation Mechanism of Recovery 

The dislocation mechanism of recovery is based on the interactions of the long range 
stress fields between dislocations. The shear stress field of an edge dislocation, for 
instance, is [18] 


Gb x(x 2 - y 2 ) 
xy 2n(l - v) (x 2 + y 2 ) 2 


Gb 

2n{\ — v)r 


cos0cos20 


( 1 ) 


where G is the shear modulus, b is length of Burgers vector, v is Poisson’s ratio, r is 
the distance to the dislocation inducing the stress field. The angle 6 is defined in 
Fig. 7. 

If there is another parallel edge dislocation at position (x, v), of which the 
length of Burgers vector is also b (Fig. 7), the interaction force F should be 


F = 


Gb 2 

xy 2nr(l — v) 


cos0cos20 


( 2 ) 


If the two edge dislocations of same sign are parallel mutually on the same slip plane 
(6 — 0), then F > 0 is valid and the two dislocations are tend to repel each other. In the 
reversed case the dislocations of opposite sign will attract, combine and finally 
annihilate each other (Fig. 8(a)). When the two edge dislocations of opposite sign 
are parallel mutually on separated but rather close slip planes (Fig. 8(b)), then 
the two dislocations will also attract each other until the angle 0 reaches 7i/4 or 
3 tt/ 4 according to Eq. (2). They can not combine and annihilate each other directly. 
However there will be a row of vacancies or interstitial atoms formed between 
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Figure 8 Migration of edge dislocations with parallel Burgers vectors, (a) unlike dislo- 
cation on the same slip plane; (b) unlike dislocations on separated slip planes; (c) like 
dislocations on separated slip planes. 


the two dislocations, which will approach each other step by step by means of 
diffusion of vacancies and interstitial atoms, i.e. the climb of edge dislocation, 
and finally annihilate each other completely. In the case that the two edge 
dislocations of same sign locate on separated slip planes (Fig. 8(c)) F< 0 will be 
valid according to Eq. (2) when the value of 0 is between 7t/4 and 3n/4. The 
two dislocations will attract each other and keep 6 at n/2, where the F= 0 and 
the dislocation structure becomes stable. A low angle boundary (Fig. 8(c), 
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dot-and-dash line) will be formed if more edge dislocations are periodically arranged 
in this way. With increasing dislocation number and decreasing dislocation distance 
in the boundary the low angle boundary could become a high angle boundary. 

Similar recovery process for screw dislocations will also occur [18]. The inter- 
action force F between screw dislocations has radial symmetry 


F = 


Gb 2 
2nr 


(3) 


The force between parallel screw dislocations of opposite sign is attractive, and that 
of same sign is repulsive. 

After the dislocation reconfiguration mentioned above the dislocation density 
is drastically reduced, and the dislocation structure is in a low energy state. During 
the recovery the low angle boundary will absorb more and more dislocations. In 
some special cases a high angle boundary could also be formed by a very strong 
recovery process. 


3.3 Polygonization 

After cold deformation dislocations have piled up on slip planes (Fig. 9(a)). The 
stress fields from the dislocation pileups will result in torsion of the lattice. The evalu- 
ation of dislocation configuration during recovery, e.g. like that shown in Fig. 8(c), 
leads to formation of several low angle boundaries (Fig. 9(b)). The low angle bound- 
aries divide a deformed grain into several pieces or sub-grains, in which there will be 
no torsion. The formation process of the recovered sub-grains surrounded by low 
angle boundaries is called polygonization. Because of the combination effects 
between the dislocations in the low angle boundaries, the stress fields of the 
dislocations do not have a long range area. 

On the other hand the cell structure formed in cold deformation could also be 
transformed into the sub-grain structure, during which the cells are coarsened, 
the cell walls are thinned and sharpened due to the regulation of dislocations, 
and the dislocation density within the cells decreases further. 


3.4 Recovery Kinetics 

Concerning the dislocation mechanism the recovery annealing can be described by a 
second order kinetics [19] 


d P 
dt 


= — kp 2 


(4) 
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where p is dislocation density during annealing, t is annealing time, k is a constant 
depending on annealing temperature. In the integrated form Eq. (4) can be expressed 


P = 


kt + — 

Po 


( 5 ) 


where p 0 is dislocation density before annealing. Compared with p the initial dis- 
location density po is much higher [5] and the l/po could be therefore neglected. 
In this case the equation can be transformed into 


dp 1 

dt kt 2 


( 6 ) 


The kinetics were confirmed in zone-refined aluminum containing 0.0068 at% Cu 

[20]. 


4 PRIMARY RECRYSTALLIZATION 
4.1 Concept of Primary Recrystallization 

The unstable state due to the high defect density of deformed aluminum could result 
in a recrystallization process at elevated temperature, during which the dislocation 
density will be reduced down to an equilibrium value (e.g. 10 10 /m 2 [10]). Therefore 
the driving force for the recrystallization is the stored energy. Even after a recovery 
annealing, in which the stored energy is drastically reduced, the remained dislocation 
density (e.g. 1.5xlO I4 /m 2 [5]) is still high enough to drive the recrystallization 
process. 

Recrystallization is a process, in which a new microstructure with relative equi- 
librium defect density is formed. The recrystallization includes nucleation and 
growth of new grains, in which the new grains grow until they touch each other 
and the deformed matrix with high defect density is completely or essentially 
replaced by the new grains. In most cases the grain growth during recrystallization 
is associated with migration of high angle boundaries. 

The recrystallization does not include the process that large grains swallow 
small grains, of which both have low defect density. So the recrystallization 
mentioned here is called primary recrystallization, of which the word “primary” 
is often omitted. 

In principle there is no fixed recrystallization temperature and the 
recrystallization of deformed aluminum could appear at any temperature above 
OK. But it would take too much time, e.g. several years, to complete the 
recrystallization at lower temperature, and makes no sense for the industrial 
purpose. For example, the recrystallization in deformed aluminum with high purity 
could be completed at 150°C for 50 sec, but that in deformed Al-0.01 at% Fe alloy 
would need more than 10 billion years at 150°C to complete the recrystallization 
[21]. So the Al-0.01 at% Fe could practically not be recrystallized at 150°C. The 
impurity of aluminum is also an important effect factor on practical recrystallization 
temperature. The commercially pure aluminum, for instance, can be recrystallized at 
200-300°C, but the zone refined pure aluminum could be recrystallized even at room 
temperature. 
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4.2 Nucleation 

Nucleation is a thermal activation process, which is rather complicated and appears 
in the local area of a few hundreds or thousands of aluminum atoms. It is commonly 
very difficult to catch and observe the initial stage of nucleation, therefore many 
details of nucleation process are not clear so far. 

According to the classic homogeneous nucleation theory [22] the change of free 
energy AFdue to the formation of a spherical recrystallization nucleus consists of the 
decreasing of stored energy F s and the area increasing of boundary with the energy y 
between nucleus and deformed matrix. If the radius of the spherical nucleus is R, 
then the A F could be written as 

AF = - ^ re R 2 F S + 4nR 2 y (7) 

AFwill reach maximum when dAF/dR is equal to zero, and the critical radius of the 
nucleus R, can be obtained 

2y 

R 0 = i ( 8 ) 

As 

The nucleus could grow freely when the condition R > R c is satisfied. Dislocation 
energy could be estimated at 0.5 Gb 2 , where G is about 2.5xl0 10 N/m 2 [23] and 
b is 3.5xlO~ 10 m for aluminum. Considering that the dominant part of stored energy 
F, in deformed aluminum consists of dislocation density (10 15 /m 2 ), F, could be 
therefore calculated as 1.53xl0 6 J/m 3 . The boundary energy of 99.99% A1 is about 
0.6-1. 9 J/m 2 [23], so according to Eq. (8) the R c is roughly around 1-3 /on, which 
approaches the size order of deformation cells. Figure 10 gives the calculated relation 
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Figure 11 Schematic representation of subgrain coalescence (a, b, c, d). 

exhibited by Eq. (7) for aluminum using the data mentioned above. Actually the 
dislocation is always inhomogeneously distributed in the deformed matrix, the 
R c should be much smaller in the area with higher dislocation concentration. 

In the classic nucleation theory the important point for aluminum and its alloys 
is that the nuclei must reach a critical size in order to grow freely. It should be 
indicated that the critical size for recrystallization nuclei is not identical to that 
in general phase transformation, i.e. the critical size could be quite different in 
deformed matrix concerning the local dislocation density around the nuclei. 

In many cases the sizes of cells existing in the deformed matrix are smaller than 
the critical size and the cells are surrounded by the low angle boundaries, which are 
not very mobile because of their stable dislocation configuration. Therefore the cells 
could not grow freely. In the initial stage of recrystallization annealing a subgrain 
coalescence process [19] could produce a large subgrain greater than the critical size 
by polygonization and climbing of dislocation. Figure 1 1 gives a schematic represen- 
tation of subgrain coalescence. At appropriate temperature the edge dislocations will 
climb out, and the cells become a large subgrain, during which the cells have to 
slightly change their orientations in order to be combined into one grain. After sev- 
eral steps of the coalescence the subgrain become larger than the critical size 
and the boundaries shown in Fig. 11(c) and (d) in thick line could be transformed 
progressively into mobile high angle boundaries. 

In same cases the difference of dislocation densities between two sides of a high 
angle boundary is very distinct because, e.g. the strain is rather inhomogeneously 
distributed among the differently oriented initial grains at low deformation degree. 
Sometimes inhomogeneous recovery in the heavy deformed matrix could also lead 
to fairly different reduction of dislocation densities among the grains due to their 
different initial orientations followed by different deformation experiences and 
therefore different dislocation configurations. Generally the high angle boundary 
is very mobile and the different dislocation densities could induce a boundary 
migration in the direction of high dislocation density, which is called “strain induced 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Recrystallization and Grain Growth 


223 




(b) 

Figure 12 Heterogeneous nucleation. (a) on grain boundary in forged Al-0.01 wt% Ti alloy 
t 2fjm (b) around second phase particles in rolled Al-1.3 wt% Mn alloy [8], (Fig. 12(b) 
courtesy of Dr. P. Yang, Ref. 8.) 


boundary migration” (SIBM) and was observed in 20% compressed high purity 
aluminum (99.99%) [24]. The subgrain behind the high angle boundary on the side 
of lower dislocation density could be therefore enlarged to a size over R c and grow 
up as a recrystallization nucleus. 

According to Eq. (8) it is known that R c will be decreased when the dislocation 
density, i.e. the stored energy becomes higher. During cold deformation dislocations 
will pile up around obstacles like grain boundaries, particles of second phase etc, 
where the dislocation density is obviously higher than the average value, and there- 
fore the positions around grain boundaries and second phase particles will become 
preferred places for nucleation [25,26]. That is the heterogeneous nucleation and 
relative smaller subgrains could already grow freely. The nucleation preferably along 
the grain boundaries was observed in high purity Al-0.008 wt% Cu alloy [25]. Figure 
12 exhibits the observed nuclei formed on grain boundary in forged Al-0.01 wt% Ti 
alloy (Fig. 12(a)) or around the second phase particles in rolled Al-1.3 wt% Mn 
alloy (Fig. 12(b)) [8], 
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4.3 Grain Boundary Migration 

After nucleation the nuclei will grow into deformed matrix by migration of high 
angle boundaries, which is a thermal activation process and is strongly dependent 
on recrystallization temperature. 

The atoms near grain boundaries will jump from one grain to an other by 
means of overcoming the barrier energy Q a during the thermal activation. But 
straight boundaries will not move if the grains are not deformed and in a stable 
state, since the atom jumps are equalized in mutual directions and lead to a dynamic 
equilibrium. In the case of growth of a recrystallization nucleus the atom jumps will 
become quite different. Because of the stored energy F s the atoms in deformed matrix 
are in higher energy state, and the energy increase per atom F sa is 


F =F- = F,— 
sa ' 4 3 3V3 


(9) 


So the barrier energy for an atom to jump in the direction from nucleus to deformed 
matrix is Q a + F sa and in the reversed direction is Q a -F sa respectively, which results in 
a boundary migration. 

The migration velocity V of the boundaries can be calculated as 


V — bvc v 



kT 



kT 


( 10 ) 


where b is the length of Burger’s vector representing the distance of atom jumps, u is 
vibration frequency of atoms (about 10 13 /sec [10,27]), k is the Boltzmann constant, 
c v is the vacancy density (about 10 -5 at 700K and 10” 4 at 800K [23]). The Q a is 
about 4.5xl0 4 J/m [28], i.e. 7.47xl0^ 20 J/atom. 

According to Eq. (10) the calculation of the average migration velocity at 700K 
is about 0.08 /im/sec for heavy deformed aluminum and is about 0.01 /(m/sec for 
deformed and recovered aluminum. At 800K the velocity, according to the 
calculation, is about 1.85 /rm/sec and 0.28 /<m/sec respectively. If the dislocation 
density in deformed matrix is 10 16 /m 2 instead of 10 15 /m 2 , then the velocity is about 
0.8 /(m/sec. The calculation results approach the order of practically observed vel- 
ocity in aluminum. One of the important points of the calculations mentioned here 
is to observe the influences of temperature and dislocation density on the boundary 
migration. 

An other form of Eq. (10) is 


V = bvc v exp( - — 


ex ^kf r exp 



( 11 ) 


Because the value of F sa /kT here is very small the equation could be simplified in first 
approximation of power expansion as 


V = buc v exp( - — 


1 +^- 

kT kT 


— IbDCy 


kT 


exp 



( 12 ) 
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It is obvious that Eq. (12) does not consider the influence of solute atoms, particles of 
second phase and orientation difference between nuclei and deformed matrix. 

The grain boundaries provide sites with lower potential energy for impurity or 
alloy atoms, which will tend to adhere to the moving boundaries. Therefore the 
boundaries have to overcome additionally the migration resistance induced by 
the adherence effect of solute atoms, and the migration will slow down if the content 
c of solute atoms increases. The migration velocity v was found to be inversely 
proportional to Cu content in aluminum [29]. 

Because of the low potential energy an atmosphere of solute atoms could be 
formed around boundaries, i.e. the concentration of solute atoms in grain bound- 
aries is higher than the average value, in which the solute atoms would be dragged 
along by the moving boundaries that keep the atmosphere around them. Only when 
the migration velocity of boundaries driven by, e.g. higher stored energy become 
greater, and the solute atoms could not accompany the boundary migration, then 
the boundaries would migrate freely, similar to the case in pure aluminum [30]. 

The average distance of atom jumps from one grain to an other depends on the 
orientation difference of the two grains, and therefore the barrier energy Q a could be 
also quite different, which will influence the velocity of boundary migration. Figure 
13 gives an example of calculated jumping distance for aluminum, in which the 
orientation difference of two grains is characterized by a rotation of certain angle 
0 around a common (111) axis [31]. So it was found that a boundary would have 
very high migration velocity if two neighboring grains on two sides of a boundary 
have a special orientation relationship [32]. For aluminum the velocity reaches a 
maximum value when the orientation relationship between the deformed matrix 
and growing grains is characterized by a rotation of about 40° around one of their 
common (111) axis [31,32]. 



Figure 13 Calculated jumping distance for aluminum. (From Ref. 31.) 
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The orientation difference and solute atoms could mutually influence the 
migration velocity. In the case of two neighboring grains having certain orientation 
relationship, where a coincidence lattice with low reciprocal density (E value) forms, 
the solute atoms to the boundary would be obviously reduced because of the special 
atom arrangement of the boundary, and result in a low barrier energy Q a as well 
as high boundary mobility. Fridman et al. [33] observed, for example, that the 
migration velocity of high angle boundaries in pure aluminum with 99.99995 
at% Al is very high and independent on the orientation difference. The migration 
velocity is reduced obviously when the purity is down to 99.9992 at% Al, but is 
hardly decreased at several points where the orientations of concerned two grains 
form a special coincidence lattice with low E value [33]. 

Commonly the particles of second phase will hinder the boundary migration 
during recrystallization. But if the existence of particles induce a drastic hetero- 
geneous nucleation the recrystallization process will be accelerated, which was 
observed in aluminum alloys containing particles of Al 2 Cu or Al 3 Fe [34]. 


4.4 Recrystallization Kinetics 

The primary recrystallization consists of nucleation and grain growth, there- 
fore the nucleation rate N and the migration velocity V will determine the 
recrystallization process and the final recrystallization grain size. 

The N and v are defined as 


d n 


N = 

vat 

l — X 

F = 

d R 
d t 


(13) 


(14) 


where x is the volume fraction of recrystallized matrix, t is annealing time, R is the 
radius of recrystallization grain and n is the number of newly formed nuclei per 
unit volume. According to Eq. (13) N is the number of newly formed nuclei per 
unit time and per unit volume of retained deformation matrix. 

Observing the recrystallization process started from time point r>0, a newly 
formed spherical nucleus at x will grow up to a time point t > x, by which the increase 
in recrystallized volume V T is 

F T =^7IV 3 (t-T) 3 (15) 

where the velocity V is considered to be a constant. According to Eq. (13) the An at x 
could be expressed as 

An T — N( 1 — .\')dr (16) 
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The nuclei formed at any r in the interval between 0 and t will contribute to the 
volume increasement dx as 


dx = V T d n T 


= - 7 zNv 3 ( t — t) 3 (1 - x)dr 

which could be transformed into a format of definite integral 

t 


dx 

1 — x 


— - tzNv 3 ( t — t) 3 dr 


(17) 


(18) 


and therefore the fraction of recrystallized volume x could be obtained as 

x = 1 -exp(— ^ tiAVY) (19) 

which is called Johnson-Mehl equation [35]. It can be seen in Eq. (19) that the 
recrystallized volume x changes from 0 to 1 while the annealing time runs from 
0 to infinity, which could be qualitatively confirmed by the recrystallization 
annealing at 300°C of a 95% rolled high purity (99.998 wt% Al) aluminum sheet 
(Fig. 14) [36]. In most cases the v and N are not constants during the recrystallization 
of aluminum [37], but the deduction process described above could still give us an 
important impression about the kinetics of the primary recrystallization. 

Define t c as 
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then Eq. (19) can be written as 


x — ] — exp 



( 21 ) 


If t is equal to t c then about 63% of the deformed matrix has been recrystallized. It 
could be estimated that the recrystallization grains have been in contact with each 
other at t c and the recrystallization grain size is roughly fixed. So considering 
Eq. (20) the recrystallization grain size d, i.e. the diameter of a primary 
recrystallization grain can be calculated as 


d = 2R = 2 


vdt — 2 vt c 


= i(2l 

\nN 


( 22 ) 


and t c is the characteristic recrystallization time. It is should be noticed that the grain 
size of primary recrystallization is mainly determined by the ratio of v/N according 
to Eq. (22) from which the grain size d will be increased by increasing v or decreased 
by increasing N respectively. 

Anderson and Mehl [37] have investigated the nucleation rate N and migration 
velocity v during the recrystallization annealing of elongated pure aluminum. They 
found that the ratio v/N is increased with increasing tensile deformation or with 
arising annealing temperature, which would result in refined grain size after the pri- 
mary recrystallization. 


4.5 Recrystallization in situ (Continuous Recrystallization) 

After primary recrystallization not only the deformed structure has been eliminated 
but the orientation distribution of deformed matrix has also disappeared completely. 
Therefore the process is called discontinuous recrystallization. 

During annealing of deformed aluminum there could be another recrystal- 
lization process, in which the deformation structure is eliminated in a quite different 
way. When aluminum has experienced a special range of deformation degree and the 
migration of boundaries is obstructed drastically, e.g. by precipitates, only a 
extremely strong recovery process could appear, in which high angle boundaries 
would be slowly formed by gradual subgrain coalescence. In this case an entirely 
new structure with very low defect density is formed though there will be no 
migration of the high boundaries. In order to differ from the normal recrystallization 
this recrystallization process is called recrystallization in situ or continuous 
recrystallization. The important characteristic of continuous recrystallization is that 
the grain orientations in deformed matrix are not changed essentially during 
annealing [38]. 

Figure 15(a) shows the deformation structure of commercially pure aluminum 
(99.9 wt% Al) which has been forged 25% in two mutually vertical directions. 
The original grain boundaries before deformation can be observed. After annealing 
at 350°C for about 40 min the continuous recrystallization is completed, in which 
the newly formed grains are still in the area of original grains (Fig. 15(b), left part ). 
The deformed structure has been transformed into new grains by a very strong 
recovery while the orientations of deformation grains remain. Obvious boundary 
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(b) 

Figure 15 Microstructure showing continuous recrystallization in aluminum 200 ;lm r (a) 
forged; (b) annealed. 


migration over original grain boundaries was not observed since the precipitates 
containing the common impurity atoms like iron, silicon etc. were accumulated 
on the original boundaries and obstruct the boundary migration during annealing. 

Ito et al. [39] have investigated the recrystallization behaviors of high-purity 
aluminum-iron alloys. They found that the continuous recrystallization would 
appear obviously around 400°C when the content of iron exceeds 0.01 wt% because 
there will be many precipitates of FeAl 3 on the boundaries. 


5 RECRYSTALLIZATION TEXTURE 

Texture is a significant characteristic of polycrystalline aluminum and accompanies 
almost all kinds of physical metallurgical processes. A {100} fiber texture in alumi- 
num ingots, for instance, is established very often [40] because of the oriented heat 
conduction and corresponding growth selection of grains during solidification. Dif- 
ferent textures are surely formed after hot or cold deformation as well as annealing. 
Therefore a piece of polycrystalline aluminum without texture could be hardly 
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found. Many aluminum alloys are used in annealed state and it is important to reveal 
the formation mechanisms of recrystallization texture, by which the induced ani- 
sotropy has significant influence on many useful properties. 


5.1 Pole Figure Determination 

Pole figure is a conventional method to describe texture in aluminum and is obtained 
by means of measuring diffraction data of polycrystals, for which commonly the 
x-ray diffraction technique [41] or neutron diffraction technique [42] are used. Figure 
16 demonstrates schematically the structure of a x-ray texture goniometer, on which 
the pole figures of aluminum samples are measured using reflection technique. 
According to Bragg-law used for the pole figure measurement [11] there is: 

2dhkisin0 = nX (23) 

where X is the wavelength, dhki is the distance constant of certain {hkl} lattice plane, 9 
is the Bragg angle and n should be one for the first order reflection. If an incident 
beam initiated by x-ray tube and certain {hkl} lattice plane of a sample are so located 
that the corresponding angle 9 between them is obtained according Eq. (23), then the 
diffraction intensity can be recorded in direction 29 by a detector (Fig. 16). During 



Figure 16 Structure of a x-ray texture goniometer, (1) X-ray tube; (2) incident beam; (3) 
sample; (4) reflection beam; (5) detector. 
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Figure 17 4(a) and 4(a) of an aluminum powder sample. 


the measurement the rotation angle a(0-7t/2) and p(O-n) should be so changed that 
the intensity /(a,/3) in all sample directions can be obtained (Fig. 16). For an alumi- 
num powder sample with random texture the intensity I p should be a function 
of angle a, i.e. 4(a). Because of the geometrical structure of the goniometer the 
I p (a) is decreased with increasing a and is independent on p. On the other hand 
a part of the measured intensity belongs to the background 4(a) [41], and should 
be reduced from the I p (y.,P). Figure 17 gives the changes of the 4(a) and 4(a) data 
taken from an aluminum powder sample, where the relative random intensity 4(a) 
is: 


4 (a) = 


4 (a) - 4 (a) 

4(0°) 


(24) 


representing the relative changes of 4(a). 

Therefore the measured pole figure data 4,ki(a,/() should be expressed as: 


P hk 1 (a, P) = 


/(a, P) - 4 (a) 1 


4 (a) N 

where N is the normalized factor and can be deduced by 


(25) 


1 

2n 


tt/2 2 n 


1 n/2 2n 

Phki(a,j?)sin adad^ = — Phki (a, jS)sinaAaA^ = 1 

2n 


!X=0 P=0 


a=0(Aa) P=0(AP) 


(26) 


where Aa and A p are the measuring steps. 
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a. b c. 


Figure 18 Stereographic {111} projection of a grain (a, b, c). 

5.2 Description of Recrystallization Texture 

Figure 18 shows the stereographic {111} projection of a grain at the center of a unit 
sphere [43], in which a coordinate system relative to rolling specimen is taken as 
an example. 

The coordinate position in the pole figure (Fig. 18(c)) can be expressed as (a,/3) 
according to the geometry of spheres. Figure 19 gives the measured {200} and {111} 
pole figures of a recrystallized pure aluminum sheet, of which the measured data 
have been corrected according to Eqs (25) and (26). 

Generally a pole figure gives the information about stereographic density dis- 
tribution P/,ki(x,P) of corresponding {hkl} planes, which could be expressed as series 
expansion of spherical harmonics [44] 

OO 1 

Pw(«, = E W(«. P) (0 < a < 7t, 0 < /? < 2n) (27) 

1=0 n =- 1 


where K'{ (a,/?) is the known spherical harmonics and F'{ is a group of constants. 



a. b. 


Figure 19 Pole figures of a recrystallized pure aluminum sheet, ■ Cube {001}(100), • R 
{ 124} <21 1), □ Goss {01 1}(100), (a) {200}; (b) {111}. 
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An orientation has three independent parameters, therefore Bunge [44] defines 
three rotation angles, i.e. q> \, ® and cp 2 showing in Fig. 20 to describe grain 
orientation, for example, in the coordinate system relative to rolling specimen, where 
the grain orientation could be obtained by individual q>\, ® and <p 2 rotations of 
crystalline coordinate in the specimen coordinate. Flence a Euler space [44] can 
be established with three mutually perpendicular axes of q>\, ® and cp 2 which are 
called Euler angles. The miller index {hkl} (uvw) are often used to express an 
orientation in rolling samples, and the relationship of miller index and Euler angles 
can be described as 

cos<pj cos (p 2 — shvp l sin^ 2 cos® sin^j cos q> 2 + cos cp x siiu/> 2 cos® smcp 2 sin® 
—cos (jOj sim p 2 — siiupj cos <p 2 cos® — sintpj sincp 2 + cos< p x cos cp 2 cos® cos cp 2 sin® 
sinr/3 1 sin® — cosr/q sin® cos® 


u 


w 


kw — 1 v h 
lu — hw k 
hv — ku 1 


(28) 


Table 1 gives some important texture components frequently observed in aluminum 
alloys. Using the Euler space the texture of polycrystalline materials can be obvi- 
ously better represented by the orientation distribution function (ODF) f(cp i, ®, 
(p 2 ) like 


OO 1 1 

/(<?! . <? 2 ) = E E E crrrupu <*>, ? 2 ) 

1=0 m=— 1 n=— 1 


(0 < <P\ < 2 re, 0<®<7r, 0<^> 2 < 2n) 


(29) 
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Table 1 Important Texture Components in Aluminum Alloys 


Component name 

{hkl} (uvw) 

<pu 4>, <p2 

cube 

{001}<100) 

O 

o 

o * 

O 

o 

O 

rotated cube 

{001}<1 10) 

45°, 0°, 0° 

copper 

{H2}(112> 

90°, 35°, 45° 

brass 

{01 1 } <21 1) 

35°, 45°, 0° 

Goss 

{011}(100> 

O 

o 

4^ 

GO 

o 

O 

o 

S 

{123} (634) 

59°, 37°, 63° 

R 

{ 124} <21 1) 

57°, 29°, 63° 

- 

{Hl}(112> 

90°, 55°, 45° 


where T \ (q>i, ®, <p 2 ) is the known generalized spherical harmonics and C\ mn is a 
group of constants. According to the mathematical relation between Eqs (29) 
and (27) the following equation can be obtained [44] 


471 


F" — ■ 
M(hkl) 2/. 


E /^mn o* \ 

Ci Aj (^hkl’Phkl) 


m=— 1 


(30) 


where K\* m ( oihki*,Phki *) is the known conjugate complex function of K\ m (a,fi), and 
(a hki*,Phki*) are the spherical polar coordinates of direction (hkl) with respect to 
the crystalline coordinate system according to the geometry of spheres. 

An ODF can be obtained by several sets of measured pole figure data phki («,/?) 
and the calculation using Eqs (27), (30) and (29) [44], which can be represented as 
density distributions on different q> 2 sections. Figure 21 gives an example of 
ODF section analysis for the recrystallization texture in 95% rolled and annealed 
high purity aluminum. Commonly a recrystallization texture consists of several 
texture components, of which the volume fraction and the scattering width [45] 
can be also calculated according to the ODF. Because of the symmetry existed 
in the aluminum polycrystalline the Euler space is commonly reduced down to 
0< (p i, ®, (p 2 < tr/2 (Fig. 21). 


5.3 Formation of Recrystallization Texture 

The two basic processes of recrystallization, i.e. the nucleation and the following 
grain growth which will contribute to the recrystallization texture, have to be con- 
sidered for the interpretation of texture formation. 

One of the most prevailing interpretations for the formation of re- 
crystallization texture is the theory of oriented nucleation proposed by Dillamore 
and Katoh [46]. During deformation the grain orientations will rotate along certain 
orientation lines from unstable divergent zone in the Euler space towards several 
symmetrical stable convergent zones. Between the symmetrical orientation variants 
transition bands consisting of continually neighboring subgrains will be formed over 
the original unstable orientation. Around the original orientation and several points 
in the orientation lines, where the orientation gradient is often rather high, the 
subgrains will be surrounded frequently by the very mobile high angle boundaries 
after the polygonization and several steps of subgrain coalescence during annealing. 
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Figure 21 ODF analysis of recrystallized pure aluminum sheet (a, b), ■ {OOlj(lOO). • 
{124} (21 1), □ {01 1}(100). 


The enlarged subgrains can grow up as nuclei rapidly, and their orientations will 
determine the final recrystallization texture. The theory could explain, for example 
the formation of cube texture {00 1 } (100) and R texture {124} (211} in annealed 
aluminum sheets. 

An other important interpretation for the formation of recrystallization 
texture is the theory of growth selection proposed mainly by Liicke [47]. The theory 
is based on the direct statistic measurements of the boundary migration rate in 
growth selection experiments in several hundreds of deformed single aluminum 
crystals [32]. It was found, that a boundary between the deformed matrix and 
growing grains in aluminum would have very high migration velocity if the 
orientation relationship of the two neighboring grains is characterized by a rotation 
of about 40° around one of their common (111} axis [32] because of the special 
atomic structure in the boundaries [31]. The orientation relationship is often called 
briefly 40° (111}. The theory could also explain the formation of cube texture {001} 
(100} and R texture {124} (211} in annealed aluminum sheets. 

The common texture components of rolled and annealed pure aluminum sheets 
are the cube texture {001}(100), R texture { 1 24} (211} and sometimes also the Goss 
texture {011} (100} (Figs 19 and 21). Conventional impurity atoms have obvious 
influence on the recrystallization texture components [39]. The impurity atoms will 
generally reduce the cube texture but increase the R texture, especially when they 
precipitate during the recrystallization annealing. If the precipitation temperature 
is avoided the volume of cube texture will be increased, and therefore the annealing 
temperature is very important for the texture formation [39]. 
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Figure 22 {111} pole figures of 95% rolled aluminum after primary recrystallization, 

(density levels: 2, 4, 7, 11, 16). (a) 240°C, 600 sec and 300°C, 3162 sec (Max= 14.5); (b) 300°C, 
316 sec (Max = 20.2). 


Due to the strong reduction of stored energy the recovery annealing prior to 
primary recrystallization will change the annealing time and the texture com- 
position. Figure 22 gives an example showing the influence of recovery annealing 
prior to primary recrystallization on the final primary recrystallization texture. 
Ninety-five percent rolled pure aluminum sheet (99.998 wt% Al) is annealed at 240°C 
for 600 sec and then at 300°C for 3162 sec, after which strong cube texture and R 
texture have been obtained (Fig. 22(a)). The 240°C annealing here is only a recovery 
treatment and the recrystallization does not occur. But the texture components 
become multivariate if the sheet is directly annealed at 300°C without recovery treat- 
ment (Fig. 22(b)). The analysis of texture components for the two annealing pro- 
cesses is listed in Table 2, in which the clear effect of recovery treatment can be 
observed. The recovery treatment has obviously reduced the recrystallization driving 
force so that the primary recrystallization could be carried out slowly, during which 


Table 2 Texture Components of 95% Rolled and 300°C Annealed Pure Aluminum 


Annealing 

Texture component 

Volume fraction 

240°C, 600 sec 

{001}(100) 

54% 

300°C, 3162 sec 

{124}(21 1) 

26% 

no recovery annealing 

(001}(100) 

12% 

300°C, 316 sec 

{01 1}(61 1) 

8% 


{013}(100> 

6% 


{ 149}(5 11) 

15% 


{225} (554) 

8% 


{239} (311) 

10% 


{269} (354) 

23% 
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some specially oriented subgrains or nuclei could grow up more rapidly [32,46] and 
dominant the formation of recrystallization texture, i.e. the cube and R texture. 
But if the high stored energy is not obviously reduced by the recovery treatment 
before primary recrystallization the recrystallization becomes a rash process, in 
which many differently oriented subgrains or nuclei have the possibility to grow 
up rapidly due to the high driving force, and therefore leads to the multivariate 
recrystallization texture. 


5.4 Recrystallization Controlled by Oriented Nucleation 

According to the prediction of Dillamore and Katoh [46] the orientation {001} (100) 
in aluminum rolling sheet is located in the divergent zone, and the {011} (211) is 
located in the convergent zone. During rolling deformation the grains oriented 
around {00 1 } (00 1 ) will rotate at first towards the {0 1 1 } ( 1 00) in two directions. Then 
the orientations move towards the two variants of {001} (21 1) , i.e. the (01 1)[21 1] 
and (01 1 )[21 1]. The paths of orientation changes are demonstrated by the vector 
lines in the (p2 — 0° section of the ODF (Fig. 23(a)), which shows the orientation 
chains of the subgrains including the {001}(100) and {011} (100) in the transition 
bands mentioned by Dillamore and Katoh [46]. 




Figure 23 The texture evaluation during rolling and annealing in an Al-0.01%Ti alloy sheet 
(ODF cp 2 = 0° section, density levels: 1, 3, 7, 13, 21.), ■ {001}(100), □ {0 1 1 } ( 100) , O 
{01 1}(21 1). (a) trace of transition bands; (b) initials state (max = 20.4); (c) 95% rolled 
(max = 20.5); (d) 300°C 5.27 min (max= 16.9); (e) 300°C 16.7 min (max = 13.4); (f) 300°C 
1093 min (max = 22.1). 
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It is obvious that the formation of the transition bands depends on the initial 
distribution of grain orientations, i.e. the initial texture. Figure 23(b) gives the initial 
texture of an Al-0.01 wt% Ti alloy sheet [48], in which a strong {Oil }(100) texture 
and certain density distribution around (00 1 } ( 1 00) are observed. After 95% rolling 
reduction the grain orientations have moved to the {001 } <21 1) (Fig. 23(c)) and 
the trace of the transition bands can still be observed. During annealing at 300°C 
the transition bands are generally strengthened (Fig. 23(d) — (f)) which indicates 
the recrystallization process is controlled by the oriented nucleation in the transition 
bands. However the main texture components after the recrystallization are the 
{011} (100) and {001} (100} (Fig. 23(f)). 

The cube orientation {001} (100} has certain meta-stability during rolling 
deformation and some of its subgrains could survive even after heavy rolling [49], 
which results in the formation of cube texture in the following annealing (Fig. 23(f)). 
The strong Goss texture {011} (100) after annealing (Fig. 23(f)) is obviously induced 
by the strong initial Goss texture (Fig. 23(b)) and the corresponding higher 
nucleation possibility in the transition bands. 

Titanium atoms in the aluminum alloy should be in the form of TiAl 3 and 
precipitated at initial boundaries before rolling deformation. In this case the grains 
could hardly grow over the initial boundaries during annealing. The oriented 
nucleation process in the areas of original boundaries could be carried out without 
interruption [48], and show the strong effect on the final recrystallization texture. 


5.5 Recrystallization Controlled by Growth Selection 

It is assumed according to the observation of Ibe et al. [32], that there should be 
differently oriented nuclei formed during annealing. But the cube and R texture 
would be dominant in the annealed rolling sheet, since both the orientations have 
an orientation relation of 40° (111) to the S texture { 123} (634) which is the main 
rolling texture in aluminum and its alloys. 

Figure 24(a) gives the {111} pole figure of a 95% rolled pure aluminum sheet 
(99.998 wt% Al) [50], which shows more than 60% S texture. At the initial stage 
of annealing the nuclei form in the deformation transition bands while the matrix 
is not changed apparently. Figure 24(b) shows that the orientations of the nuclei 
are located in the transition bands between cube and S orientation [50] and the den- 
sity is increased in the corresponding positions in the {111} pole figure, while 
the main rolling texture remains unchanged. With increasing annealing time the 
growth rate of the nuclei is quite different. Figure 24(e) gives the optical structure 
of 316 sec annealed sheet. In the deformation matrix the size of newly formed grains 
is very different. Using a {100} plane etching technique the individual grain 
orientations could be determined [50], The results indicate that all the huge grains 
have the cube or R orientation. The corresponding pole figure (Fig. 24(c)) shows 
also the strong density increasement around cube and R orientation in the transition 
bands (by reference to Fig. 19(b)). Because of the high purity of the sheet the growth 
competition among the nuclei is rather freely without strong obstructs induced by the 
impurity atoms. Figure 24(e) demonstrates the obvious advantage of the grains 
oriented around cube and R orientation in the growth competition due to the special 
boundary structure [31], and finally the cube and R texture become dominant in the 
annealed sheet (Fig. 24(d)). 
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Figure 24 {111} pole figures and microstructure of 95% rolled and 300°C annealed pure 

aluminum sheet (99.998 wt% Al, density levels: 1, 2, 4, 7, 10), (a) 95% rolled (max= 11.0); 
(b) 100 sec annealed (max= 11.6); (c) 316 sec annealed (max = 9.4); (d) 31620 sec annealed 


(max= 12.8); (e) microstructure of c 


ND 

! 100 ^ m | . (From Ref. 10.) 

► RD 
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6 DYNAMIC RECOVERY AND DYNAMIC RECRYSTALLIZATION 

6.1 Dynamic Recovery 

Because of the work hardening effect the flow stress for plastic deformation will be 
increased with increasing strain. It is known that the work hardening is associated 
with the dislocation density in deformed aluminum alloys. The rate of dislocation 
multiplication and therefore the work hardening rate at high strain are commonly 
reduced by certain softening mechanism, of which the softening effect is defined 
as dynamic recovery. Sometimes the work hardening effect in aluminum could 
be fully compensated by the softening effect of the dynamic recovery which can 
be strengthened at elevated deformation temperature, and the flow stress will reach 
its maximal value. 

The mechanism of dynamic recovery is generally similar to that of the normal 
recovery, i.e. static recovery. The dislocation density will be reduced because of 
the cross-slip of screw dislocations as well as the climb of edge dislocations. For 
many fee metals the perfect dislocations will dissociate on their {111} slip planes 
into two partial dislocations, between which a stacking fault is created [51]. The 
dissociation width depends on the stacking fault energy of the alloys, and for alumi- 
num and its alloys the dissociation width is generally very small due to their very high 
stacking fault energy. For the cross-slip and the climb the dissociated two partial 
dislocations must first recombine into a perfect dislocation over a certain length 
by thermal activation, which depends strongly on the deformation temperature. 
The necessary activation energy of the dynamic recovery is inversely proportional 
to the stacking fault energy. The polygonization process of static recovery could 
also appear in the dynamic recovery. 

6.2 Dynamic Recrystallization 

With increasing deformation temperature the tendency for a recrystallization pro- 
cess arises continuously out of the increasing thermal activation. If the temperature 
and the strain are high enough the corresponding recrystallization could really 
appear during deformation, which is defined as dynamic recrystallization. The 
strong softening effect of the dynamic recrystallization induced by the elimination 
of large numbers of dislocations by the migration of high angle boundaries will lead 
to a drop in flow stress after it has reached a maximum. Comparing with the dynamic 
recrystallization the primary recrystallization is a static recrystallization. But the 
word “static” is commonly omitted. 

The behavior of dynamic recrystallization is expressed very often in a flow 
stress curve against strain. Two typical flow stress curves in hot deformed metals 
could be observed. One shows a single peak in flow stress and the other shows mul- 
tiple peaks frequently with decreasing amplitude against the strain. Figure 25 
demonstrates schematically the two curves, between which a transition could appear, 
e.g. the cyclic peak curve could be transformed into single peak curve as the strain 
rate is increased or the deformation temperature is decreased [52]. 

The recrystallization during hot deformation is based on a similar way shown 
in Fig. 14. The first recrystallization period will start if the strain e reaches a critical 
value e c [53], where the stored energy is high enough. The stored energy in the cor- 
responding recrystallized grains will increase immediately because of the continuous 
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deformation process, and the next recrystallization period will start if the s c in the 
recrystallized grains of last recrystallization period is reached again. Therefore 
the dynamic recrystallization is consisted of a series of recrystallization periods [53]. 

In the case of high deformation temperature or low strain rate, a great part of 
deformed matrix in the last recrystallization period has recrystallized before the next 
recrystallization period starts, therefore a multiple peak curve with relative low 
stress level would be obtained (Fig. 25). 

In the case of low deformation temperature or high strain rate, the great part of 
deformed matrix in the last recrystallization period has not recrystallized before the 
next recrystallization period starts already. The hardening and softening effects 
in different recrystallization periods during hot deformation will overlap and be 
integrated, so that a single peak curve with relative high stress level would be 
obtained (Fig. 25). At very high strain a balance between hardening effect and 
softening effect could be reached and the stress would become rather constant. 
But the flow stress at high strain could also arise when the strain rate is increased 
continuously, e.g. in the case of hot compression with constant compression speed 
[54-57], 

6.3 Hot Deformation Behavior in Pure Aluminum and Aluminum Alloys 

Many commercial aluminum alloys will experience hot deformation at elevated 
temperature. Figure 26(a) gives the microstructure of a hot rolled (522-294°C) 
Al-0.0035 wt% Cu alloy, which shows a typical deformation structure. The 
recrystallization structure was obtained only after an additional annealing of the 
hot band (Fig. 26(b)). 

For a long time many people believe that pure aluminum did not undergo 
dynamic recrystallization [58,59], since aluminum is noted for the very strong effect 
of simultaneous dynamic recovery during hot deformation. Due to the very high 
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(a) 



(b) 

Figure 26 Microstructure of Al-0.0035 wt% Cu alloy , 100fm r (a) hot rolled; (b) hot rolled 
and annealed. 


stacking fault energy the dislocation density in deformed aluminum would be 
reduced drastically by the dynamic recovery at elevated temperature. In this case 
the dynamic recrystallization could not start because of clearly decreased driving 
force, though recrystallized structure was observed after following cooling or 
annealing, which should be introduced by a static recrystallization process, i.e. a 
primary recrystallization process [59]. 

It is clear that the stored energy after a heavy recovery in hot deformation is 
still high enough for a recrystallization process, and the static recrystallization could 
always appear during cooling or annealing afterwards [58-60]. But under the con- 
dition of drastically reduced stored energy the extended incubation period becomes 
so long that the recrystallization can not really start during hot deformation. 
Yamagata found in his compression experiments that only under very low 
deformation speed (0.06 mm/min or 1 mm/min) the typical mechanical behavior 
of dynamic recrystallization could be observed in single crystal and polycrystal 
aluminum with high purity (>99.999 wt% Al) [54-56], where the incubation period 
could be exceeded during hot deformation. However if the purity is reduced, e.g. 
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true strain 


Figure 27 Mechanical behavior of hot compressed polycrystal pure aluminum (according 
to Yamagata [54,57]). 

down to 99.99 wt% Al, the dynamic recrystallization could not observed any more 
[57]. It seems that the impurity atoms in pure aluminum would inhibit the migration 
of high angle boundaries of dynamic recrystallization and prolong the incubation 
period further. 

Figure 27 gives schematically the mechanical behavior of hot compressed poly- 
crystalline aluminum with the purity of > 99.999 wt% Al and 99.99 wt% Al 
respectively, which was observed by Yamagata [54,57]. The aluminum with the 
purity of >99.999 wt% Al (containing Cu: 0.5, Fe: <1, Si: 1, Mg: 1 and Ag: 
<2, all in ppm) was compressed at 341°C under a speed of 1 mm/min [54], and 
the aluminum with the purity of 99.99 wt% Al (containing Cu: 10, Fe: 36 and 
Si: 26, all in ppm) was compressed at 310°C under a speed of 0.06 mm/min [57]. 
A clear dynamic recrystallization behavior was observed in high purity aluminum, 
but was not when the purity is reduced down to 99.99 wt% Al [57]. The relatively 
high flow stress level of the high purity aluminum was induced by the higher com- 
pression speed. 

Blade has ever investigated the effects of common impurity atoms on the 
recrystallization behavior after hot deformation [60]. Based on a super-purity alumi- 
num the addition of Fe, Si and Cu would influence the volume fraction of 
recrystallization after 50% hot rolling and 30 sec delay before quenching. It can 
be seen in Figure 28 [60] that Fe will inhibit clearly the static recrystallization pro- 
cess, which should also occur during dynamic recrystallization. 

For the aluminum alloys the alloyed elements or increasing impurity atoms will 
preferentially accumulate around the dislocations induced by hot deformation, and 
reduced therefore the stacking fault energy. In this case the dynamic recovery could 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




244 


Mao 



Figure 28 Effect of impurity atoms in super-purity aluminum on the static recrystallization 
after hot rolling (entry and exit temperature for the hot rolling was 500°C and 390°C 
respectively, according to Blade [60]). 


not reduce so much stored energy like that appeared in high purity aluminum, and 
the dynamic recrystallization will start during hot deformation [61]. Figure 29 
demonstrates schematically the mechanical behavior in Al-Mg alloy system during 
50% hot compression [59], in which the tendency for dynamic recrystallization 
increases with increasing magnesium addition in solid solution. The similar behavior 
was also observed in Al-Mn and Al-Mg-Mn alloy systems as well as in commercial 
purity aluminum (99.5 wt% Al) [62]. 


7 NORMAL GRAIN GROWTH 

7.1 Concept of Normal Grain Growth 

Normal grain growth or continuous grain growth is defined as the homogeneous 
increase of average grain size in polycrystalline aluminum during annealing, of 
which the word “normal” or “continuous” is sometimes omitted. Figure 30 gives 
the observed evaluation of grain size during annealing of an Al-3 wt%Mg alloy [63]. 
The normal grain growth can be a process following primary recrystallization, or 
occur in an initially undeformed material. In fact, the grain growth will appear 
in almost all annealing processes. 

The normal grain growth is carried out essentially by the migration of high 
angle boundaries, which differs from the subgrain coalescence process discussed 
in Section 3 of this chapter (Fig. 11). During the normal grain growth curved bound- 
aries migrate frequently towards the centers of curvature, therefore the relative large 
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Figure 29 Flow stress curves of hot compressed Al-Mg alloys at 0.9 T m ( T m : melting point, 
according to Gardner and Grimes [59]). 


grains will grow up by means of consuming the small neighboring grains [64]. But the 
growing grains could be consumed either if they have touched a larger grain. The 
migration rate of high angle boundaries, i.e. the consumption rate of the small 
neighboring grains becomes more rapidly just as the small grains are about to dis- 
appear (see Eqs. (32) and (33)). In two-dimensional structure observed in single 
phase aluminum alloys the grain boundary angles tend frequently towards 120° when 
they meet each other (Fig. 30). 


7.2 Driving Force for Normal Grain Growth 

It can be seen in Fig. 30 that the total grain boundary area per unit volume decreases 
during the grain growth. Therefore the decrease of boundary energy is the driving 
force for the normal grain growth. The total grain boundary energy per unit volume 
F* could be estimated as 


4nR 2 y 


F h = 



3y 

2 R 


(31) 


which is shown in Fig. 31 where the average radius of spherical grains is R and the 
boundary energy y of pure aluminum should be roughly 1.0 J/m 2 [23]. 

So according Eq. (31) the decrease of total grain boundary energy per unit 
volume will be, e.g. about 1.5xl0 4 J/m 3 if the average radius of spherical grains 
increases from 50 /un to 100 /un. 
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Figure 31 Calculated relationship between average grain size and boundary energy per unit 
volume. 


7.3 Kinetics of Normal Grain Growth 

The boundary tension A P which induces the migration of curved boundaries towards 
the curvature centers can be expressed as 

2y 

A J> = f (32) 


where the R is the curvature radius representing the grain size. If the size of a 
shrinking grain is R s while its neighboring grain with size R is growing (Fig. 32), 
the boundary migration velocity v can be written as 


v = 


d R s 
dt 


(33) 


which is proportional to the boundary tension A P. Comparing Eqs (32) and (33) the 
relation of grain size R s and annealing time t can be statistically deduced as 

R 2 s = Rh - Cyt (34) 


where R s0 is the initial size of the shrinking grain at t — 0 and C is a constant con- 
cerning annealing temperature. Correspondingly the following equation 


R 2 = R_l + Cyt 


(35) 
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can be obtained for the growing grain on the assumption that the large grain grows 
homogeneously in all directions. Equation (35) could roughly express the increase 
of average grain size while the annealing proceeds, i.e. the average grain size R 
is proportional to -Jt. 

Figure 33 demonstrates the evaluation of grain size distribution during 
annealing of a 95% rolled Al-3 wt% Mg alloy [63] (cf. Fig. 30), in which the increase 
of grain size during annealing is observed. In many cases the size of the largest grains 
is 3-4 times of the average size. 

7.4 Obstructs of Normal Grain Growth 

It has been mentioned in Sec. 3 of this chapter that impurity atoms will reduce the 
boundary migration velocity. It was observed that increasing the impurity content 
of copper in zone-refined aluminum from 4.3 to 258 (at. ) ppm drops clearly the grain 
boundary velocity [29]. 

Liicke and Detert [65] have established an atomistic theory to explain the 
impurity effect. The impurity atoms in solid solution tend often to segregate to grain 
boundaries due to interaction between impurity atoms and grain boundaries that are 
the energy sinks for impurity atoms. Therefore the grain boundary impurity con- 
centration cb can be expressed as 

c B = cex P(-ff) (36) 

where c is bulk impurity concentration and Q B is interaction energy between 
impurity atom and grain boundary. If impurity atoms are attracted to the bound- 
aries the interaction energy Q B will be negative. 

Supposing that a grain boundary starts to pull away from the impurity atoms, 
there will be a drag force created by the impurity atoms which compel the boundary 
to carry them along and obstruct the normal grain growth. 

Concerning Eq. (36) the segregation of impurity atoms in grain boundaries is 
reduced when the interaction energy Q B is very low or annealing temperature T 
is very high. In this case the boundary migration is rather free like that in pure 
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Figure 33 Grain size distribution of 95% rolled and 500°C annealed Al-3 wt% Mg alloy 
[63], (a) 40 sec; (b) 80 sec; (c) 160 sec. (Courtesy of Dr. X. Zhao). 
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aluminum. On the other hand, the grain boundaries can also migrate freely if the 
driving force (Eq. (31)) is high enough to induce a very rapid boundary migration 
so that the impurity atoms can not be dragged along any more [65]. 

When a boundary is moving over second phase particles there will be a 
restraining force acting on the moving boundary, which is called Zener force [66] 
P z and can be expressed as 


P-.= 


3/)’ 

2 r 


(37) 


where r is radius of second phase particles, / is the volume fraction of the second 
phase and y is the grain boundary energy. According to Eq. (32) the boundary 
tension A P which drives grain growth is reduced with increasing average grain size 
R. If the A P in an aluminum alloy containing second phase particles is reduced down 
to a level of corresponding P : , i.e. A P = P : , then the grains will stop growing. In this 
case a stable average grain size R, can be estimated using Eqs (32) and (37), i.e. 


R c = 


2y 

P : 


4 r 

¥ 


(38) 


Equation (38) indicates that the grain size in an aluminum alloy containing second 
phase particles could only be increased to a limited value R c during annealing, which 
is influenced by particle radius and volume fraction of the second phase. 


8 ANOMALOUS GRAIN GROWTH (SECONDARY RECRYSTALLIZATION) 

8.1 Phenomenon of Anomalous Grain Growth 

In some cases the normal growth of most grains are obstructed during annealing and 
only very few grains could grow anomalously. This process is the anomalous grain 
growth or discontinuous grain growth. The few growing grains are called here sec- 
ondary grains, the most obstructed and then consumed grains are called matrix, 
and therefore the process is also called secondary recrystallization. Figure 34 gives 
an example of the anomalous grain growth in Al-3 wt% Mg alloy [63]. 

The phenomenon that the normal growth of most grains are obstructed could 
be induced by second phase particles, textures or sample surfaces. 

8.2 Anomalous Grain Growth Induced by Second Phase Particles 

To insure the fine grain structure and the corresponding mechanical properties the 
second phase particles are often designed and treated to precipitate in many alumi- 
num alloys, and concerning Eq. (37) and (38) the particles can obstruct the grain 
growth. During the normal grain growth the large size grains have high potential 
to grow and the small size grains have high potential to shrink. During high tem- 
perature annealing the second phase particles could grow, coalesce themselves or 
be resolved in the matrix, i.e. the r value in Eq. (37) is increased, which will reduce 
the restraining force. In this case the boundaries of very large and very small grains 
could overcome the obstruction and migrate. In other words the large grains would 
overcome the obstruction and grow up when their sizes are large than certain upper 
limit, and the small grains would also overcome the obstruction and shrink when 
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Figure 34 Microstructure of 95% rolled 300°C 10 min and 500°C 160 sec annealed Al-3 
wt% Mg alloy [63] i 200 ' 1 ” ,. (Courtesy of Dr. X. Zhao.) 

their sizes are smaller than certain low limit. Because of the obstruction of second 
phase particles the increase of average grain size, i.e. the grain size of the matrix 
becomes very slow or even come to a stop during annealing while few large grains 
over the upper limit could continuously grow, which will result in an anomalous 
grain growth. 

8.3 Anomalous Grain Growth Induced by Texture 

In many annealed aluminum alloys there is often a very strong single texture 
component in company with same other weak texture components. In this case 
a grain oriented in the strong texture component neighbors frequently with the 
grains oriented in the same texture component, and therefore the boundaries 
between them are low angle boundaries that are not very mobile. So the grains 
of the strong texture component could hardly grow. At same time grains oriented 
in the weak texture component neighbor also frequently with the grains oriented 
in the strong texture component, and reversely the boundaries between them are 
generally very mobile high angle boundaries. These grains oriented in weak texture 
components will disappear very fast if their sizes are very small, but they can grow 
rapidly as secondary grains and result in an anomalous grain growth when their 
sizes are larger than the grains oriented in the strong texture component. 

Eichelkraut has observed the anomalous grain growth induced by texture in a 
95% rolled Al-1 wt% Mn alloy [67-69]. The primary recrystallization of 95% cold 
rolled alloy sheet was completed after annealing at 620° C for 1 sec and a very strong 
cube {001} (100) texture component is formed, of which the volume fraction is about 
87%. During the following annealing two periods of anomalous grain growth or 
secondary recrystallization have appeared (Fig. 35) [67-69]. In the first period 
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Figure 35 Texture and grain size evaluation of 95% rolled Al-1 wt% Mn alloy during 
annealing at 620°C [67] (■ [001} (100), # {01 1 }< 1 33), ♦ {001} (320)), (a) texture components; 
(b) average grain size. (Courtesy of Dr. H. Eichelkraut.) 


the texture component {011 } (1 33) has replaced the cube texture, and in the second 
period the texture component {001}(320) has replaced the {0 1 1 } ( 133) (Fig. 35(a)). 
Simultaneously the growing rate of average grain size shows two corresponding steps 
of rapid increase (Fig. 35(b)). 

Zhao et al. have investigated the anomalous grain growth induced by texture in 
a 95% rolled Al-3 wt% Mg alloy in more detail [63, 70-72]. The primary 
recrystallization is completed during annealing at 300°C for 200 sec, after which 
the rolling texture component {01 1}<21 1), { 1 12} (111) (Fig. 36(b)) as well as 
{ 123} (634) have disappeared and a strong cube texture [001}(100) and a very weak 
R texture {124} (211) near {1 12} (312) are formed (Fig. 36(c)). When the alloy sheet 
is heated at 400° C for 20 sec after annealing at 300° C for 600 sec, the cube texture 
is strengthened further and the orientation density reaches 119.9 (Fig. 36(d)). With 
increasing annealing time the cube texture is consumed and disappears, and the 
texture component { 1 12} (3 12) and {001}(490) appear and are strengthened (Fig. 
36(e) and (f)) after the secondary recrystallization is completed. 

Figure 37 demonstrates the corresponding evaluation of texture components 
and average grain size [63]. It is clear that the anomalous grain growth is a process 
in which the texture components { 1 1 2} (3 12) and {001}(490) replace the strong cube 
texture in the way discussed above. After 1000 sec at 400°C the survived grains 
oriented around {112} (3 12) and {001} (490), of which the number has been con- 
sumed by cube texture (Fig. 37(a)), should have relative large size and then grow 
in the cube grains while the cube grains can not grow quickly because of the frequent 
low angle boundaries. 

Observing the evaluation of average grain size in Fig. 37(b) it can be seen that 
in primary stage of annealing at 400°C before 3000 sec the average size of all grains 
is roughly identical to the average size of cube grains. The few large grains oriented 
around { 1 12} (312) and {001}(490) do not distinctly influence the average size of 
all grains. In the following annealing stage large number of cube grains are consumed 
drastically by the very large grains oriented around { 1 12} (3 12) and {001}(490), so 
that their average size is reached rapidly by the average size of all grains, after which 
the cube grains have disappeared and the anomalous grain growth is completed. 
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Figure 36 Evaluation of orientation distribution in <p 2 = 45° section for the 95% rolled Al-3 
wt% Mg alloy during annealing [63] (density levels: 2, 4, 8, 16, 32, 64, 99), (■ [ 00 1 } ( 100) ; A 
}001}(490); • {1 12}(312); O {01 1}(21 1); A {1 12}(1 1 1)), (a) orientation positions in <p 2 = 45° 
section; (b) 300°C, 0 sec (95% rolled) max= 19.6; (c) 300°C, 200 sec max = 46.1; (d) 300°C, 
600 sec 400°C, 20 sec max= 1 19.9; (e) 300°C, 600, sec 400°C, 3500 sec max = 16.0; (f) 300°C, 
600 sec 400°C, 4800 sec max= 18.5. (Courtesy of Dr. X. Zhao.) 




Figure 37 Texture and grain size evaluation of 95% rolled Al-3 wt% Mg alloy during 
annealing at 400°C after annealing at 300°C for 600 sec [63], (a) texture components, ■ 
{00 1 } ( 1 00) ; ♦ { 1 1 2} ( 1 32) and {001} (490) ; (b ) average grain size, □ for grains oriented around 
{00 1 } ( 1 00) , O for grains oriented around { 1 1 2} ( 1 32) and {001}(490), A for all grains. 
(Courtesy of Dr. X. Zhao.) 
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b. 

Figure 38 Result of surface induced anomalous grain growth in high purity aluminum, (a) 
microstructure , 40;im (b) {111} pole figure (max = 30.8, levels: 1, 2, 4, 8, 14, 22, 30). 


8.4 Anomalous Grain Growth Induced by Surface 

When aluminum alloys are very thin and the ratio between surface area and grain 
boundary area is relatively high the decrease of surface energy could control the 
process of grain growth and induce an anomalous grain growth. In this case only 
the grains could grow up, of which their surface’ energy is very low, and other 
grains with rather high surface energy will be consumed. It could be imaged that 
this anomalous grain growth will lead to a strong texture. Figure 38 gives an 
example of thin (less than 0.1 mm) high purity aluminum foil (>99.99%A1), 
in which the grain thickness is identical to the foil thickness after final annealing 
(Fig. 38(a)) and the a very strong cube texture is formed (Fig. 38(b)) which 
indicates that the surface energy of {001} planes in the annealing atmosphere 
is the lowest. 
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9 SUMMARY 

Aluminum is a fee metal with high stacking fault energy, of which the dislocation 
density multiplied by cold deformation will be clearly reduced in the recovery process 
during annealing or heating. The recrystallization in aluminum and its alloys is com- 
monly a process including nucleation and growth of new grains, of which the driving 
force in deformed matrix is the energy stored in the lattice defects consisting mainly 
of dislocations. Both of the homogeneous nucleation as well as the heterogeneous 
nucleation on grain boundaries and around second phase particles are possible. 
The grain growth rate are influence by the purity, impurity atoms, temperature, 
precipitates, boundary misorientations etc. Textures will be formed after the primary 
recrystallization. The dynamic recrystallization during hot deformation could only 
appear in the aluminum alloys easily, in which the stacking fault energy and there- 
fore the recovery effect are drastically reduced by the alloyed elements or impurity 
atoms. The grains in annealed aluminum and its alloys will grow normally or anom- 
alously during heating process, of which the basic driving force is the grain boundary 
energy. The anomalous grain growth induced by texture or surface will produce very 
sharp textures. The corresponding mechanisms of the processes mentioned in this 
chapter including recovery, primary recrystallization, dynamic recrystallization, 
normal grain growth as well as anomalous grain growth have been discussed. 
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Aluminum alloys are largely divided into two groups: casting alloys and wrought 
alloys. For casting alloys, the final product is formed directly without any plastic 
deformation. By application of special foundry techniques, complex geometries 
can be formed in near-net shape. Aluminum casting alloys are not considered in 
this chapter although some general principles of aging and precipitation hardening 
are also applicable. 

For aluminum wrought alloys the products are formed by hot and cold 
deformation of (semi) continuously cast half-products. Typical deformation pro- 
cesses involved are hot and cold rolling, drawing, forging and extrusion. 

The strength of aluminum wrought products can be improved in two different 

ways: 

• cold deformation 

• alloying 

During cold deformation, crystal defects are generated leading to improved 
strength properties. 

Alloying elements are usually added to aluminum to increase strength. By 
alloying the strength of aluminum alloys increases by three separate mechanisms: 

• Solid-solution hardening. Alloying elements dissolve completely in the 
aluminum matrix to form a solid solution. The local distortion of the alumi- 
num lattice obstructs dislocation motion leading to increased strength. 

• Dispersion hardening. The alloying elements form very fine insoluble dis- 
persion of intermetallic phases. Transition elements typically are added 
to achieve this effect. 

• Precipitation hardening (age-hardening). Alloying elements are brought in 
solid solution at high temperatures and quenched to room temperature. 
At intermediate temperatures below 200° C very fine particles are pre- 
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Table 1 Temper Designations for Aluminum Alloys 


Temper 

Description 

F 

As-fabricated 

O 

Annealed or recrystallized 

H 

Work hardened; The H is followed by 2 digits 

W 

Solution heat treated 

T 

Thermally treated; The T is always followed by 1 or more digits 


cipitated from the supersaturated solid solution (SSSS) resulting in substan- 
tial increases in strength. The applied thermal treatment is also called aging. 
Aluminium-Copper is the classic example for precipitation hardening. 

Wrought aluminum alloys that obtain their strength through a combination of 
precipitation and deformation are called heat-treatable. The other alloys obtain their 
strength through cold deformation and are classified as nonheat-treatable or also as 
work hardening alloys. The different tempers for these alloys are indicated with 
a specific code following the AA alloy designation (Table 1). In general heat-treatable 
alloys receive a T-temper while work hardening alloys are given H-tempers. The 
general effect of these tempers on alloys strength is given in Fig. 1. 


1 HARDENING MECHANISMS 

In general, the strength of aluminum alloys can be increased by several methods: 

• Solid-solution hardening 

• Grain-size strengthening 

• Work or strain hardening 

• Precipitation hardening (aging) 



% alloying element 

Figure 1 Effect of composition and temper on strength of commercial aluminum alloys. 
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1.1 Solid-Solution Hardening 

Solid-solution hardening involves an increase in tensile strength and yield stress pro- 
duced by alloying elements in solid solution. The elements in solution produce elastic 
distortions in the parent lattice thereby acting as a barrier to dislocation movements. 
Although most elements can alloy with aluminum, comparatively few elements have 
sufficient solid solubility to give a substantial solution hardening effect. 

Strengthening from solute atoms arises either from differences in atomic size 
between the solute and solvent atoms or from differences in elastic modulus [1], 
The size effects can be considered in terms of the different atomic volumes of alumi- 
num (Q a ) and solute atoms (Q s ) expressed as: 


Qs — Qa 

Qa 


( 1 ) 


Figure 2 clearly indicates that the size effect is the dominant source of 
solute-strengthening in aluminum alloys [2], The combination of solubility and size 
effect makes Cu and Mg the prominent solutes for solid-solution hardening. On 
a weight basis Mg is more effective than Cu (although on an atomic basis Cu is 
more potent). Figure 3 illustrates the effect of Mg in solid solution on the strength 
of binary Al-Mg alloys [3], Both yield strength and ultimate tensile strength increase 
with increasing Mg level while elongation drops sharply with even small Mg 
additions. The more rapid rise of UTS compared to YS is explained by the additional 
effect of Mg on work hardening. Solutes also introduce other effects such as dynamic 
strain aging resulting in serrated yielding in Al-Mg alloys. 

The effect of Mg in solid solution on commercial nonheat-treatable alloys is 
given in Fig. 4. 



Figure 2 Strengthening due to atomic size effects [2]. 
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Figure 3 Effect of Mg in solution on tensile properties of annealed Al-Mg binary alloys. 
(From Ref. 3.) 



%Mg 


Figure 4 Effect of Mg on tensile properties of nonheat-treatable commercial aluminum 
alloys. (From Ref. 8.) 
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1.2 Grain-Size Strengthening 

The effect of grain size on alloy strength is commonly expressed by the well-known 
Hall-Petch equation [4]: 

<r y = a 0 + kd ~ J (2) 

where er y is the yield stress of the alloy, a Q the frictional stress, d the average grain size 
and k a constant that characterizes the difficulty of transmitting slip across the grain 
boundary for a given alloy system. Because the value of k is approximately five times 
smaller than ferrous alloys the grain-size effect in aluminum alloys is not very strong. 
However considerable strengthening can be achieved at very fine grain sizes, because 
it has been demonstrated that the Hall-Petch relationship remains operative [5]. 

1.3 Work-Hardening 

Properties of metals are changed by cold working. For most metals tensile strength, 
yield strength and hardness increase at the expense of ductility and formability. 
Work hardening is used extensively to strengthen nonheat-treatable alloys. In 
addition work hardening increases the strength achieved through solid-solution 
and dispersion hardening. The typical strain hardening tempers of nonheat-treatable 
alloys are given in Table 2. 

The effect of work hardening is clearly shown in Table 3, where we can see a 
sharp increase in mechanical properties with increasing amount of cold work, while 
the elongation decreases significantly. 

1.4 Precipitation Hardening 

The heat treatment including quenching and aging is the most widely used way to 
improve strength properties of aluminum alloys. The quenching should be under- 
stood as the fixation of the high-temperature state of the alloy at lower temperatures. 
In other words, this procedure produces the supersaturated (in alloying elements) 
aluminum solid solution. It is noteworthy that the supersaturation can be achieved 
during casting, upon cooling an ingot or semifinished item in air, or as a result 


Table 2 Temper Designations for Strain-Hardened Alloys 

F As-fabricated. No control over the amount of strain hardening; no mechanical 

property limits. 

O Annealed, recrystallized. Temper with the lowest strength and greatest ductility. 

HI Strain hardened. 

H2 Strain hardened and partially annealed. 

H3 Strain hardened and stabilized. 

HI 12 Strain hardened during fabrication. No special control over amount of strain 

hardening, but requires mechanical testing and meets minimum mechanical 
properties. 

H321 Strain hardened during fabrication. Amount of strain hardening controlled 

during hot and cold working. 

HI 16 Special strain hardened, corrosion resistant temper for aluminum magnesium 

alloys. 
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Table 3 Tensile Properties of Aluminum Sheet 


Alloy-Temper 

UTS (MPa) 

YS (MPa) 

Elongation (%) 

1100-0 

75 

25 

30 

1 100-H14 

110 

95 

5 

1 100-H18 

150 

— 

4 

5052-0 

170 

65 

19 

5052-H34 

235 

180 

6 

5052-H38 

270 

220 

4 


of rapid cooling after special annealing. The aging is a term covering the processes of 
precipitation hardening which can occur at room temperature (natural aging) or at 
higher temperatures requiring special heating (artificial aging). In late stages of 
aging, softening may occur. This is due to the change of structure and distribution 
of former hardening phases. 

The effect of precipitation hardening (or aging) is determined by several par- 
ameters listed below. 

• The chemical composition of a supersaturated solid solution. This compo- 
sition is controlled by the initial temperature at which the solid solution 
is formed and by the cooling rate enabling the fixation of the 
high-temperature composition at lower temperatures. It should be 
mentioned that the composition of the supersaturated solid solution 
and the composition of the alloy are, generally, different. It becomes 
obvious if you look at a phase diagram of any multicomponent system. 
Take, for example, casting alloys of the Al-Si system. These alloys usually 
contain 5-18% Si. However, the concentration of silicon in a super- 
saturated solid solution is determined by the solubility of silicon at the 
eutectic temperature and will not exceed 1.65% Si. The content of main 
alloying elements in the supersaturated solid solution can be dramatically 
decreased in the presence of other additives and impurities. These additives 
can bind important elements (e.g. Cu, Mg, and Si) in insoluble phases and, 
thereby exclude them from the process of aging. Some small additions, 
however, may favorably affect the internal structure. 

• The phase composition of aging products formed upon decomposition of 
the supersaturated solid solution. Mainly, these products are meta-stable 
phases in a form of coherent and semicoherent precipitates. The phase com- 
position of these precipitates is, generally, different from that predicted by 
the equilibrium phase diagram. The precipitation usually starts with the 
segregation of the solute atoms in some crystallographic planes of the 
matrix. Then, these preprecipitates (or zones) acquire their own crystal 
lattice, first similar to that of the matrix. Their structure and composition 
gradually changes, approaching the structure and composition of the equi- 
librium phase. The vivid example of these changes is the precipitation 
of Mg 2 Si in Al-Mg-Si alloys, which is discussed further in 2.4. Only for 
simple alloying systems, where only one phase can precipitate, this phase 
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is a meta-stable modification of the relevant equilibrium phase, e.g. in Al-Si 
and Al-Cu systems. 

• The kinetics of precipitation. This parameter is very important, especially 
in multi-phase systems. The sequence of phase precipitation depends on 
temperature and phase properties. Obviously, the temperature provides 
the thermodynamic stimulus for the decomposition of a supersaturated 
solid solution. Depending of the annealing temperature a specific meta- 
stable phase may precipitate. At low temperatures, it is usually zones 
or coherent precipitates. At higher temperatures, it may be semicoherent 
metastable phase or the equilibrium phase. In the case of competitive pre- 
cipitation of several phases, the advantage goes to the phases with a simple 
structure, formed by faster diffusing elements. This sequence controls the 
continuous depletion of the solid solution with respect to the elements 
incorporated in precipitated phases. Accordingly, the kinetics of precipi- 
tation can determine the phase composition. 

• Temperature and time. These technological parameters affect all previously 
mentioned phenomena and are extremely important. The combination of 
time-temperature conditions is called the aging mode. 

• The properties of precipitated phases. These properties greatly determine 
the hardening effect and include the type of bonding with the matrix, 
the shape, the composition, and the time-temperature stability. Generally, 
semicoherent precipitates are more efficient for hardening than coherent 
particles. However, it is true only under similar conditions: the same size 
and precipitation density. The finer the precipitates and the larger the pre- 
cipitation density, the higher the strength of the aged alloy. On the other 
hand, the fracture toughness and other service characteristics are usually 
better for the solid-solution state (after quenching) or in the stage of zone 
precipitation. It should be also noted that the structure with metastable 
phases is thermally unstable. Therefore, the creep resistance of aluminum 
alloys is higher in the overaged state, when more stable phases are formed. 

The basic temper designations for heat-treatable alloys are given in Table 4. 
Solution heat treatment is performed by heating cast or wrought products to a tem- 
perature usually 5°C below the solidus. In the case of cast products, two-step 
homogenization is applied, the first step being some degrees below nonequilibrium 
solidus. The duration of solutionizing is chosen to be sufficient to dissolve all 
nonequilibrium phase constituents, allowing the maximum of alloying elements 
to enter the solid solution. Rapid cooling is frequently used to preserve the 
high-temperature composition of the solid solution at lower temperatures 
(quenching). 

Age hardening of aluminum-copper-magnesium alloys (Duralumin) was dis- 
covered by Alfred Wilm in 1906. The basic requirement for an alloy to be susceptible 
to age hardening is a decrease in solid solubility of one or more alloying elements 
with decreasing temperature. The major alloying elements that meet these require- 
ments are copper, lithium, magnesium and zinc. The thermal treatment for age hard- 
ening normally involves a solution treatment at high temperature followed by a rapid 
quench to room temperature to form a supersaturated solid solution (SSSS) and a 
controlled decomposition at intermediate temperatures. The complete decompo- 
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Table 4 Temper Designations for Heat-treatable Aluminum Alloys 

O Annealed. 

F As fabricated. 

W Solution heat treatment: spontaneous natural aging after solution treatment 
T1 Cooled after high-temperature processing and naturally aged to substantially stable 
condition. 

T2 Cooled after high-temperature processing, cold worked and naturally aged to 
substantially stable condition. 

T3 Solution heat-treated, cold worked and naturally aged to substantially stable 
condition. 

T4 Solution heat treated and naturally aged to a substantially stable condition. 

T5 Cooled after high-temperature processing and artificially aged. 

T6 Solution heat-treated and artificially aged, usually to the maximum strength. 

T7 Solution heat-treated and stabilized or overaged. 

T8 Solution heat-treated, cold worked and artificially aged. 

T9 Solution heat-treated, artificially aged and cold worked. 

T10 Cooled after high-temperature processing, cold worked and artificially aged. 


sition of the SSSS is a complex process, which may involve several stages including 
metastable phases. In the initial stages coherent Guinier-Preston zones are formed, 
named after the two researchers who independently detected these phases from 
streaks in x-ray diffraction patterns [6,7]. 

The thermal treatment for aging of aluminum alloys is a three-stage process: 

• Solution treatment: dissolution of constituents and intermetallics. 

• Quenching: to maintain the supersatured solution of alloying elements and 
excess vacancies. 

• Aging: precipitation of intermediate phases at room temperature (natural 
aging) or at elevated temperature (artificial aging). 

1.4.1 Solution Heat Treatment 

To realize precipitation hardening it is necessary to create a solid solution in which a 
maximum of alloying elements is in solution. The minimum solution temperature is 
determined by alloy composition (e.g. the solvus position and eutectic temperature). 
Exceeding the eutectic temperature can lead to incipient melting of eutectic phases 
which is detrimental for mechanical properties. A too-low solution temperature 
can have a significant effect on final properties (Table 5). 

1.4.2 Quenching 

Quenching is the critical step during a precipitation treatment. During quenching the 
supersaturated solid solution as well as the excess vacancies need to be maintained. 
Solute precipitating on grain boundaries and vacancies migrating to interfaces 
and grain boundaries do not contribute to the aging process. In general the higher 
the quench rate the better combinations of strength and toughness are achieved. 
Also stress corrosion and corrosion resistance are better for high quench rates. Only 
Cu free 7XXX alloys form an exception to this general trend. The disadvantages 
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Table 5 Effect of Solution Temperature on Mechanical Properties After Aging 


Solution temperature (°C) 

UTS (MPa) 

Yield Strength (MPa) 

6061-T6 



493 

301 

272 

504 

316 

288 

516 

333 

305 

527 

348 

315 

2024-T4 



488 

419 

255 

491 

422 

259 

493 

433 

269 

496 

441 

271 


of a high quench rate are residual stresses and distortion of the quenched product. 
Consequently the maximum quench rate depends largely on the dimensions of 
the product. The quench rate can be controlled by proper selection of the quenching 
medium and temperature. 

1.4.3 Precipitation from Solid Solution 

The general condition for precipitation of supersaturated solid solutions requires a 
fine dispersion of precipitates during aging. The aging temperature needs to be below 
the equilibrium solvus line as well as below the GP solvus line (Fig. 5). The presence 
of excess vacancies promotes diffusion and the formation of zones is substantially 
faster than under equilibrium conditions. During precipitation first clusters of solute 
atoms are formed followed by the formation of metastable precipitates. The 
strengthening mechanism is caused by the coherent precipitates of solute atoms. 



Figure 5 Temperature ranges for heat treatment and relevant solvus lines for binary alumi- 
num alloys. 
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Figure 6 Schematic of different stages during precipitation of aluminum alloys; (a) solid 
solution; (b) coherent GP zone; (c) semicoherent precipitate; (d) incoherent equilibrium pre- 
cipitate. 


The difference in size between the aluminum and solute atoms causes elastic stresses 
in the aluminum matrix. These stress fields inhibit and hinder dislocation movement 
resulting in higher strength values. Size, form and distribution of GP zones is 
strongly alloy dependent. Spherical GP zones are formed if the difference in size 
between aluminum and solute is small (e.g. Al-Zn alloys). For large differences 
as in the Al-Cu system the zones are plate-like. Typical size for GP zones is 1-5 
nm. GP zones are more like local variations in concentration than a separate phase. 
They are fully coherent with the matrix. The subsequent metastable phases formed 
during precipitation are semicoherent. A metastable precipitate has its own crystal 
structure and only along specific crystallographic directions is coherency 
maintained. The final structure in a precipitation sequence consists of coarse equi- 
librium precipitates with a marginal effect on strength properties. The different 
stages during precipitation are illustrated in Fig. 6. 

The increase in strength during natural aging is continuous or becomes stable. 
During artificial aging strength and hardness go to a maximum value and decrease 
after that. The decrease in strength after extended aging times or at high aging tem- 
peratures is called over aging. The change in strength during precipitation is given 
in Fig. 7 as a function of time and aging temperature. 

The major effects can be summarised as follows; 

• The kinetics of hardening can be retarded or suppressed by decreasing aging 
temperature. 

• Maximum strength decreases with increasing aging temperature. 
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Ageing time (hr) 


Figure 7 Isothermal aging curves for AA2014. (From Ref. 9.) 


2 AGING OF COMMERCIAL ALUMINUM ALLOYS 

In this part of the Chapter, we will consider main features of precipitation hardening 
for major groups of commercial alloys. The sequence of consideration will be as 
follows: the chemical composition, phase composition, phase properties, kinetics 
of precipitation, aging modes, and achieved mechanical properties [8-10], Some 
additional numbers may be added to the designation of the basic tempers as already 
described in Table 4. These additional tempers are given in Table 6 [10]. 


2.1 Structure of Supersaturated Solid Solutions and 

Nucleation of Precipitates 

The quenching results in the supersaturation of an aluminum solid solution in allo- 
ying elements. However, the supersaturation with respect to vacancies occurs 
simultaneously. This process is known as ‘‘quenching of vacancies.” The 
supersaturation in vacancies may dramatically affect the defect structure of the 
supersaturated solid solution and the early stages of its decomposition. 

Excess vacancies form prismatic dislocation loops in diluted aluminum alloys, 
whereas, in heavily alloyed solid solutions, helicoid dislocations. The latter are 
the result of interaction between quenched vacancies and screw dislocations. These 
structure features can be easily observed in a transmission electron microscope. Allo- 
ying with elements forming atom-vacancy complexes increase the number of 
helicoids and hamper the formation of prismatic loops. The presence of dislocations 
in the structure of the supersaturated solid solution, generally, facilitates the pre- 
cipitation of semicoherent phases, because dislocations provide free surface for a 
semicoherent boundary and, thus decrease the energy of its formation (Table 7). 
For example, the semicoherent S' (Al 2 CuMg) phase in Al-Cu-Mg alloys tend to 
precipitate on dislocation loops. 
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Table 6 Additional Tempers for Heat-treatable Aluminum Alloys 
Temper Description 

Tx51 Stress relieved by stretching. Applies to plate, extruded shapes and drawn 

tubes stretched up to 3% after solution heat treatment or cooling from an 
elevated temperature fabricating process; these products receive no further 
straightening. 

Tx510 Products with no further straightening. 

Tx51 1 Products with minor straightening after stretching to comply with 
standard tolerances. 

Tx52 Stress relieved by compression. Products are stress releived up to 5% by 

compression after solution heat treatment or cooling from an elevated 
temperature fabricating process. 

Tx53 Stress relieved by combined stretching and compressing. Applies to die 

forgings that are stress relieved in the finish die. 

Designations for products heat treated from O or F tempers to demonstrate response to heat 
treatment'. 

T42 Solution heat treated from O or F temper and naturally aged to a 

substantially stable condition. 

T62 Solution heat treated from O or F temper and artificially aged. 


Table 7 The Correlation Between the Type of Precipitates and the Place of their Formation 



Grain boundary 

Dislocation 


Homogeneous 

Interface type 

(G) 

(D) 

Vacancy (V) 

nucleation (H) 

Coherent (C) 

G c -> 

D c -> 

V c -> 

4- H c 



I 

I 

t 

Semicoherent (SC) 

G sc — >■ 
I 

Dsc 

4— Vsc 

4— H sc 

Incoherent (IC) 

t 

t 

t 


Gic 

Die 

V ic 

4— H IC 


The decomposition starts with the formation of submicroscopic regions 
enriched in alloying elements, these regions having the same structure as the matrix. 
This stage is called the zone stage, as the Guinier-Preston zones are formed. During 
this early period of precipitation, the electrical resistivity of the quenched alloy 
increases in two steps. In the first stage, the resistivity changes very rapidly during 
first minutes (so-called rapid reaction). After that the resistivity grows very slowly 
(slow reaction). The first stage is interpreted in terms of segregation of solute atoms 
on specific crystal planes. These zones are very small and uniformly distributed 
in the volume. It is believed that this process occurs very rapidly, perhaps by a 
spinodal mechanism, by fluctuations without nuclei formation [11,12]. 

Let us consider in more detail the difference between “nucleation and growth” 
and “spinodal” mechanisms of decomposition [13]. In the case of nucleation and 
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growth, the decomposition is initiated by the formation of energetically stable 
solute-rich clusters (hetero phase nuclei). Only thermal composition fluctuations 
with sufficiently large compositional amplitudes can lower the free energy of the 
system and hence can lead to the formation of stable nuclei. The formation of these 
nuclei by this mechanism requires a nucleation barrier to be overcome and is charac- 
terized by an incubation period. Upon spinodal decomposition, the nonequilibrium 
solid solution is unstable with respect to the formation of spatially extended thermal 
composition fluctuations with small amplitudes. Hence, the decomposition is 
initiated by the spontaneous formation and subsequent growth of coherent compo- 
sition fluctuations. This type of decomposition occurs without incubation period 
and is typical of, for example, Al-Zn and Al-Zn-Mg alloys. In the case of spinodal 
decomposition, the concentration profile of solute in the matrix looks like a wave 
with gradually increasing amplitude. 

It was established by numerous studies that the actual room-temperature 
diffusion of solute atoms upon the segregation proceeds at rates several orders 
of magnitude higher than the normal diffusion at the same temperature [14]. 
The most adopted explanation is that the diffusion rate is determined by the vacancy 
concentration equilibrium at the quenching temperature. This also explains the fact 
that the cooling rate affects essentially the kinetics of precipitation. However, 
the question remains: why is the vacancy concentration retained anomalously high 
during a considerable time, despite numerous sinks? 

The possible explanation is that zones are able to absorb and evolve vacancies, 
acting like a pump [15]. Part of vacancies is inevitably lost in sinks, and the diffusion 
rate gradually decreases remaining, however, higher than normal. 

Hence, in the early stages of decomposition (so-called zone stage), 
pre-precipitates or clusters are formed within the matrix crystal lattice. These pro- 
cesses are very important upon natural aging. The zones are precipitates with 
the completely isomorphic to the matrix structure. Evidently, elastic stresses and 
strains arise around these preprecipitates due to local expansion or shrinkage of 
the matrix crystal lattice. These stress fields interact with dislocations, slow down 
their movement and, thereby, harden the alloy. There are also other mechanisms 
of hardening described earlier in this Chapter. 

Main strengthening is associated with coherent and semicoherent precipitates 
that create large elastic distortions at interfaces with the matrix. Nevertheless, what 
is the interface? Nowadays, the interface is considered as the interface surface proper 
and the transition regions determining stresses both in the matrix and in the pre- 
cipitate. The formation of coherent or semicoherent phase is caused by the consider- 
ably lower surface energy for such precipitates as compared with the more stable 
phases. For example, the surface energy of the coherent 0" ( Al 2 Cu) phase is three 
times lower than that for the semicoherent O' phase [16]. Upon growth of particles, 
the coherency is being lost, first along some directions and then at the entire 
boundary. 

Another very important problem is: where do precipitates tend to nucleate? 
Unlike zones that usually precipitate homogeneously or onto vacancy clusters, 
the metastable phases may form in various places. This process is usually controlled 
by crystal defects. Table 7 shows the dependence between the type of precipitates and 
the place of its formation [17]. The arrows show the direction of decreasing energy 
for precipitation. 
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One can see that coherent phase are predominantly nucleate homogeneously, if 
their formation does not create large strains. In the case when the specific volume of 
the zone or the new phase is larger than that of the matrix, the coherent phase will 
nucleate at vacancy clusters. Semicoherent precipitates tend to form at dislocations, 
which ease the formation of the semicoherent boundaries. In addition, incoherent 
particles nucleate at grain boundaries. 


2.2 Aging in Commercial Al-Cu Alloys 

The Al-Cu system is the classics of aging theory and is well studied. At the same time, 
this system is a base for the entire family of commercial alloys: wrought (Duralumin, 
2XXX series) and casting (2XX.0 series). Alongside copper, these alloys may contain 
magnesium, silicon and transition metals. The magnesium- and silicon-containing 
materials will be considered below. However, there are a few commercial alloys 
where copper is the main alloying component, which determines the phase compo- 
sition and aging phenomena. Some of the alloys are listed in Table 8. It should 
be noted that simple Al-Cu alloys are not widely used nowadays and are more 
and more replaced with Al-Cu-Mg wrought alloys or Al-Si-Cu-Mg casting alloys. 

The composition of the supersaturated solid solution can be more or less 
reliably predicted from the equilibrium phase diagram of the Al-Cu or systems that 
are more complex. Castings or deformed products from alloys of this group are 
usually water quenched from high temperatures. These temperatures are chosen 
to be about 5°C below the equilibrium solidus. 

The decomposition of a supersaturated Al-Cu solid solution results in the for- 
mation of the following phases: 6 " , O', and O' ( Al 2 Cu). These phases are, respectively, 
coherent, semicoherent and incoherent (stable). Before the precipitation of the 0" 
phase, the Guinier-Preston zones (GPZ) are formed in the aluminum solid solution. 
It is well adopted that the composition of all these phases is close to the stoichiometry 
of the A1 2 Cu phase. The information on the crystal structure and orientation 
relationships for phases typical of the Al-Cu system are given in Table 9 [18]. 

Upon natural aging, the precipitation starts from the formation of GPZ. The 
density of their precipitation is 10 17 -10 18 cm " 3 at a size of up to 5 nm and a spacing 
of 2.5-4 nm [19]. The coherent phase succeeds the zones, being formed either 
homogeneously in the matrix or onto the zones. The 0" precipitates appear as disks 


Table 8 Chemical Compositions of Some Commercial Al-Cu 
Alloys 


Alloy 

Cu, % 

Other elements, % 

295.0 

4.5 

1.1 Si 

224.0 

5.0 

0.35Mn; 0.1V; 0.2Zr 

213.0 

7.0 

2Si 

2025 

4.4 

0.8Mn; 0.8Si 

2011 

5.5 

0.4Bi; 0.4Pb 

2219 

6.3 

0.3Mn; 0.1V; 0.18Zr; 0.06Ti 
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Table 9 Crystal Structure and Orientation Relationships for Al-Cu Phases 


Phase 

Crystal structure 

Lattice parameters, nm 

Orientation relationship 

9" 

Tetragonal 

a 

0.404 

c 

0.768 

(001) p || (001) A1 ; [100] p ||[100] A1 

6 y 

Tetragonal 

0.404 

0.580 

(001) p || (001) A1 ; [100]p ||[100] AI 

9 

Tetragonal 

0.6066 

0.4874 

— 


or thin plates in {100} matrix planes. The typical size of coherent particles ranges 
from 10 to 100 nm with a spacing from 20 to 100 nm [17]. These two types of 
precipitates assure hardening upon natural aging. 

The phase composition of alloys aged at higher temperatures (artificial aging) 
depends on time-temperature conditions. Each metastable phase has its own meta- 
stable solvus and forms only under it. If the temperature of annealing is higher than 
the metastable solvus of, say, the 9 " phase, then this phase will never be formed 
and the decomposition will start immediately with the formation of the semicoherent 
9 ' phase. On the other hand, under suitable temperature conditions the coherent 
phase can precipitate first and then will be substituted by the 9 ' phase. The consider- 
ably high temperature of artificial aging (170-200°C) provides sufficient the- 
rmodynamical stimulus for the successive formation of the entire series of 
phases, from GPZ to the equilibrium Al 2 Cu phase. The particles of the 9 ' phase 
usually precipitate onto dislocations (decorating them) and then replace 9 " particles 
in the matrix as they are losing coherency. The size of semicoherent particles is 
10-60 nm at a precipitation density of 10 n -10 12 cm -3 [17]. 

It is worth noting that semicoherent particles demonstrate higher strengthen- 
ing ability than coherent precipitates. This is because several hardening mechanisms 
can simultaneously act. Therefore, Al-Cu alloys artificially aged to the stage of 9 ' 
precipitation may be much harder than those reinforced only by coherent particles 
of the close size and precipitation density. 

Incoherent particles of Al 2 Cu phase have virtually no effect on the strength 
because of their large size, low precipitation density, and absence of stress fields 
around. 

Small additions of some elements can affect the internal structure of aged 
Al-Cu alloys. It is known that Cd, In, Sn, Mg, Li, Be, Mg + Ge, and Mg + Si slow 
down the formation of GP zones and facilitate the substitution of the 9 " phase 
for the 9 ' phase [18, 20, 21]. The latter precipitates as very fine plate and efficiently 
hardens the alloy. Cadmium is known to accelerate copper diffusion in solid alumi- 
num [22]. Beryllium deteriorates hardening upon natural aging [23]. Transition 
metals such as Zr, Ti and Mn form dispersoids that provide nucleation sites for 
relatively large 9 ' particles and thus decrease the aging effect [24]. 

Table 10 and Table 1 1 show typical temper modes and mechanical properties of 
some Al-Cu alloys. 


2.3 Aging in Commercial Al-Cu-Mg Alloys 

The development of Duralumin results in the design of alloys containing, alongside 
copper, magnesium. This enlarges the possibilities of hardening, now with two 
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Table 10 Temper Modes for Some Commercial Al-Cu Alloys 


Alloy 

Solution treatment 

Aging 

295.0 

515°C, 12 hr 

155°C, 3-6 hr (T6) 

2025 

515°C (T4) 

170°C, 10 hr (T6) 

2011 

525°C (T3) 

160°C, 14 hr (T8) 

2219 

535°C (T31) 

175°C, 18 hr (T8) 
190°C, 18-26 hr (T8, T6) 


Table 11 Typical Mechanical Properties for Some Al-Cu Alloys 


Alloy 

UTS, MPa 

YS, MPa 

El, % 

295.0 T6 

250 

165 

5.0 

224.0 T7 

380^420 

276-330 

10.0%.0 

213.0 F 

165 

103 

15 

2025 T6 

400 

255 

19 

2011 T3/T8 

380/405 

295/310 

15/12 

2219 0/T62 

175/415 

75/290 

18/10 


Table 12 Chemical Composition of Some Commercial Al-Cu-Mg Alloys 


Alloy 

Cu, % 

Mg, % 

Other elements, % 

242.0 

4.0 

1.5 

2.0Ni 

201.0 

4.6 

0.35 

0.7Ag; 0.35Mn 

222 

10.0 

0.25 


2036 

2.6 

0.45 

0.25Mn 

AK4-1 (Russian) 

2.3 

1.5 

1.2Ni; 1.2Fe 

2218 

4.0 

1.5 


2014 

4.4 

0.5 

0.8Mg; 0.8Mn 

2024-2224 

4.4 

1.5 

0.6Mn 


phases, Al 2 Cu and AECuMg (S). Either phase or both may precipitate with respect 
to the composition of the supersaturated solid solution. The formation and features 
of the AECu-based phases were discussed earlier. However, it is noteworthy to 
mention that magnesium being in the solid solution (up to 0.4%) efficiently refines 
6' particles and increases their precipitation density, thus improving hardening [21, 
25], It is supposed that magnesium increases the binding energy between solute 
atoms and vacancies, facilitates the formation of immobile stable complexes, 
and thus slows down diffusion. These complexes then serve as nuclei for the O' phase. 
Alongside improved strength, the creep resistance is also increased due to a higher 
thermal stability of O' particles. 

The chemical compositions of some commercial alloys are given in Table 12. 
The composition of the solid solution after quenching from about 500-505°C is close 
to that of the alloy. 
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Table 13 Crystal Structure and Orientation Relationships for Al-Cu-Mg Phases 


Phase Crystal structure Lattice parameters, nm Orientation relationship 




a 

b 

c 




S" 

Orthorhombic 

0.400-0.405 

0.905-0.925 

0.718-0.724 

(100) p 

II (210) a1 ; [010] p 

|| [1 20] a , 

S’ 

or monoclinic 




(01 l) p 

||(031)ai; [100]p 

II[100] A i 

s 

Orthorhombic 

0.400-0.404 

0.923-0.925 

0.714-0.717 

(121) p 

II(ooi)ai; [113] P 

!I[100] A i 






(01 l) p 

IKOODai; [ioo] p 

|| [1 00] A i 






(110)p 

II(001)ai; [H3] p 

ll[100] A1 






(010)p 

II(100)ai; [100]p 

II[021] A i 


Orthorhombic 

0.401 

0.935 

0.715 

— 




The decomposition of Al-Cu-Mg alloys (Cu : Mg > 2 at.%) starts with the 
segregation of copper and magnesium atoms in {100} A1 and {210} A1 planes [18]. 
These clusters are called Guinier-Preston-Bagaryatsky zones (GPBZ). 

The sequence of precipitation of quasi-binary Al-Al 2 CuMg alloys is as follows: 
GPBZ, coherent S " phase, semicoherent S' phase, and stable S phase. The crystal 
structures of these phases are shown in Table 13 [18,25-28]. 

The structure of all S-phase modifications are very close, therefore some 
authors consider them as a one structure differently distorted due to coherent or 
semicoherent junction with the matrix [26,29], The orientation relationships for 
GPBZ and S” precipitates slightly deviate (by 4-5°) from the ideal OR given in Table 
9. The transition from one modification to another occurs continuously upon aging, 
the crystal lattice being rotated and sheared. In the case when S" and S’ particles 
grow freely, they form typical conglomerates of thin elongated laths, frequently 
decorating dislocation loops. These particles are aligned with the (100) matrix lattice 
direction and have the (210) A1 and (110) A i habitus. After nucleation, S precipitates 
rapidly grow filling the entire solid solution volume with agglomerates. 

When the alloying level is low (1.5% Cu and 0.7% Mg), the S' phase forms rods 
in the (100) A1 direction and { 100} A1 planes [28], 

In alloys with the S phase as the main hardener, the strengthening occurs in two 
distinct stages separated by a plateau, which may last for many hours [30]. The first 
stage of hardening, contributing about 70% to the total strength, is attributed to 
the (Cu, Mg) cluster formation. These clusters are precursors of GPBZ and S" phase, 
which precipitation occurs in the second stage of hardening. The S' and S phases are 
formed onto dislocation loops during the stage of a plateau. 

In the alloys with an excess of copper (with respect to the stoichiometry of the S 
phase), the Al 2 Cu phase is formed additionally. Mondolfo [18] concludes that the 
latter phase plays the major role in hardening alloys with the ratio Cu : Mg = 8. 
On decreasing the ratio to 4, both phases participate in strengthening. Moreover, 
the S phase dominates in the range of Cu : Mg ratio from 4 to 1.5. On further 
decreasing the ratio, the Al 6 CuMg 4 phase has to precipitate. However, there are 
only few data on such alloys. 

It should be noted that GPB zones are more thermally stable than GP zones. 
According to Silcock [25] in an alloy with Cu : Mg = 7, the maximum hardness 
is achieved by the combination of phases: 9' and S " (at 130°C and 165°C) and S", 
S' and 6' (at 190°C). The coherent S phase can be retained at considerably high 
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Figure 8 Time-temperature diagram for aging of a 2024-type alloy. 

temperatures. We can conclude that the Al 2 Cu phase acts more efficiently at low 
aging temperatures (below 165°C), whereas the role of the AFCuMg phase becomes 
dominant at higher temperatures. 

The TTT diagram for aging of a 2024-type alloy is given in Fig. 8. [31]. This 
diagram shows the phase composition and hardening effect in time-temperature 
axes. 

The presence of silicon impurity in commercial Al-Cu-Mg alloys may change 
essentially the phase composition and precipitation sequence of aging products, 
thereby affecting the mechanical properties. These phenomena will be considered 
below in the section about Al-Cu-Mg-Si alloys. The addition of silver in Al-Cu-Mg 
alloys can considerably improve properties after aging and increase thermal stability 
of structure and properties due to the change of phase composition. The 
decomposition of alloys, containing more magnesium than copper and small 
additions of silver, occurs with the formation of a so-called X' phase in addition 
to the S phase [30], The X' phase has a hexagonal structure and is very close in 
composition to the S phase, except small content of Ag (5 at.%). 

In the alloys with high Cu:Mg ratio, a new phase conventionally designated as 
Q is formed instead of the O' phase. This phase has a tetragonal structure with lattice 
parameters a — 0.6066 nm and c — 0.496 nm or an orthorhombic structure with 
a = 0.496 nm, b = 0.859 nm and c = 0.848 nm. The precipitates of the Q phase appear 
as fine plates, the (Ag, Mg) clusters and GP zones earlier formed on { 1 1 1 } A i planes 
continuously transforming to the Q phase. As distinct from GP zones, which are 
depleted of copper and enriched in magnesium and silver, the phase has the copper 
concentration close to that in the AECu phase, magnesium and silver being evolved 
to the interface with the matrix [32], Even small impurities of silicon (0.15%) com- 
pletely suppress the formation of the Q phase. 

In addition to the Q phase, the so-called a phase may be formed in 
Al-Cu-Mg-Ag alloys (3-4% Cu, 0.45% Mg, 0.4% Ag), especially in composite 
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Table 14 Temper Modes for Some Al-Cu-Mg Alloys 


Alloy 

Solution treatment 

Aging 

242.0 

515°C, 5-12 hr 

205-230°C, 3-5 hr (T61) 

201.0 

490-5 10°C, 2 hr + 525-530°C, 14-20hr 

155°C, 20 hr (T6) 

222.0 

510°C, 12 hr 

155°C, 11 hr (T6) 

2036 

500°C (T4) 


AK4-1 

525-535°C 

190°C, 9-14 hr (T6) 

2014 

500°C (T4) 

160°C, 18 hr (T6) 

2024-2224 

495-5 10°C 

190°C, 9-12 hr 


Table 15 Typical Mechanical Properties of Some Al-Cu-Mg Alloys 


Alloy 

UTS, MPa 

YS, MPa 

El, % 

242.0 0/T61 

185/325 

125/290 

1.0/0. 5 

201.0 T4/T6 

365/485 

215/435 

20/7 

222 0/T62 

185/420 

140/330 

1. 0/4.0 

AK4-1 T6 

430 

340 

8.0 

2218 T61 

440 

370 

10 

2014 0/T6 

185/485 

95/415 

18/13 

2024 0/T62 

185/440 

75/345 

22/5 


materials [33], This phase has a composition of Al 5 Cu 6 Mg 2 and a cubic structure 
with a — 0.831 nm. It should be noted that, according to the phase diagram, the 
Al 5 Cu 6 Mg 2 phase cannot be in equilibrium with aluminum. The only possibility 
of its appearance is the strongly metastable state of an alloy and the effect of silver 
(as a stabilizer of this phase). The a phase has a simple cube-on-cube orientation 
relationship with the aluminum matrix. It precipitates as the semicoherent phase 
with a high solvus (above 700°C), which makes it quite stable at high temperatures, 
above 200°C. On decreasing the Cu:Mg ratio from 10 to 7, the precipitation of 
the a phase begins to dominate over the formation of the Q phase. Although these 
phases may coexist with each other and with metastable modifications of 0 and 
S phases. In any case, silver addition improves the thermal stability of Al-Cu-Mg 
alloys and, nowadays, there are several Ag-containing alloys intended for use in 
airspace industry. 

Typical temper modes and mechanical properties of Al-Cu-Mg alloys are listed 
in Table 14 and Table 15. 


2.4 Aging in Commercial Al-Mg-Si Alloys 

Very different in structure, properties and destination alloys belong to this system. 
There are casting alloys containing 4-18% Si and 0.15-1% Mg and there are very 
widely used extrudable alloys of the 6XXX series, containing 0.5-1. 5% Si and 
0. 5-1.5%i Mg with various ratios. The compositions of some commercial alloys 
are given in Table 16. 
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Table 16 Chemical Compositions of Some Commercial Al-Mg-Si Alloys 


Alloy 

Mg, % 

Si, % 

Other elements, % 

356.0 

0.35 

7.0 



369.0 

0.35 

11.5 

— 

360.0 

0.50 

9.5 

— 

357.0 

0.55 

7.0 

— 

6151 

0.6 

0.9 

0.25Cr 

6063 

0.7 

0.4 

— 

6061 

1.0 

0.6 

0.28Mn 

6053 

1.2 

0.7 

0.25Cr 


It is very important to note that the aging effect and properties are very much 
dependent on the ratio between magnesium and silicon in the supersaturated solid 
solution. The excess of silicon (with respect to the stoichiometry of the Mg 2 Si phase) 
can considerably change the kinetics of precipitation and the phase composition. 

The decomposition of the supersaturated solid solution results in precipitation 
of the [S (Mg 2 Si) phase and free Si (in the alloys with its excess). The coherent [S" 
phase is an efficient hardener and participates in processes of natural and artificial 
aging. In the stage of softening, it gives place to the semicoherent [S' phase, which 
is considerably stable. The decomposition starts directly with the formation of [S’ 
particles at temperatures above 300° C, and the sole equilibrium (S phase precipitates 
upon annealing above 400°C [34]. 

The transformation between Mg 2 Si modifications is a subject of discussion. 
Really, there is no reliable explanation how the monoclinic phase can transform 
to hexagonal or orthorhombic and then to the cubic equilibrium phase. Moreover, 
the development of high-resolution electron microscopy gave rise to new discoveries. 
It was found that, unlike all other known metastable phases in aluminum alloys, the 
semicoherent phase might have several modifications. The cause of this unique 
phenomenon is still unclear. Maybe it is due to the uniqueness of the Mg 2 Si phase 
proper. This phase is composed of metal and semiconductor, which have to deter- 
mine its unusual behavior. 

The composition of metastable phases, i.e. Mg:Si ratio, is different from that of 
Mg 2 Si (Mg:Si = 2 at.%). The Mg:Si ratio continuously increases in the series GPZ, 
[S", [S', [S. In other words, metastable phases are enriched in silicon. The structures 
and orientation relationships of phases typical of Al-Mg-Si alloys are listed in Table 
17 [18,35-40], 

The maximum strength is achieved in alloys with an excess of silicon and in the 
stage of /S" precipitation. There is no unanimous opinion on the reasons of that. It is 
more or less adopted that the silicon-vacancy complexes acts as nucleation sites for 
the coherent phase. 

The nonequilibrium solid solution of magnesium and silicon in aluminum 
decomposes even at room temperature. In the balanced alloys or in the alloys with 
Mg: Si ratio above 1.73 wt% the decomposition proceeds in the following steps: 
the formation of needle-like zones along the (100) A i crystal direction; the ordering 
of their structure and the formation of [S" needles; the transition from fS" needles 
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Table 17 Crystal Structure and Orientation Relationships for Phases in Al-Mg-Si Alloys 


Phase 

Crystal structure 

Lattice parameter. 

nm 

Orientation relationship 



a 

b 

c 


ft" 

Monoclinic 

0.616 

0.616 

0.710 

(101)p 11(001 ) A1 ; [10i] p ||[010] A1 



0.77 

0.67 

y = 82° 
0.203 
K = 75° 

(001)p [|(001 ) A1 ; [100] p ||[310] A i 

P 

Hexagonal 

0.705 


0.405 

(001)p || ( 1 00) A1 ; [100] p [|[01 1] A1 


Hexagonal 

0.405 


0.67 

(Tlo)p ||(001) A1 ; [22 1 ] p ||[100] A1 


Hexagonal 

0.407 


0.405 



Hexagonal 

1.04 


0.405 

(001)p II (001) A1 ; [120] p ||[100] A1 


Hexagonal 

0.705 


1.215 



Orthorhombic 

0.684 

0.793 

0.405 



Orthorhombic 

0.672 

0.787 

0.405 


P 

Cubic 

0.639 

or 

0.6351 



(001)p ||(001 ) A1 ; [100] p ||[100] A1 

Si 

Cubic 

0.543 



(022) p II (100) A1 ; [lll] p II [0 10] A1 


to P' rods; and the formation of the equilibrium ft phase as plates or cubes [41]. 
During artificial aging of dilute Al-Mg-Si alloys (Mg 2 Si<0.8%) the coherent p" 
phase nucleates onto zones. In this case, the internal structure formed upon prelimi- 
nary natural aging provides the conditions for the formation of very fine, uniformly 
distributed p” precipitates. 

The transition between metastable modifications is likely to occur separately. 
In other words, coherent precipitates dissolve, semicoherent particles are formed 
at dislocations, and the coherent phase may precipitate on dislocations or grain 
boundaries. However, there is an opinion that these transformations occur by 
the diffusionless, shear mechanism (like martensite) [14]. It should be noted that 
during high temperature annealing (at 300-350°C) the p' and equilibrium p phases 
may coexist for a long time, large precipitates with the structure of /?' being almost 
incoherent [34]. 

Zones are precipitated very intensively, the precipitation density being 
3 x 10 15 mm -3 and the size, 6 x 20-100 nm. The coherent phase has the same pre- 
cipitation density with the size somewhat larger, 5 x 16-200 nm [42]. The zone stage 
lasts from 5 h to 8 min at 150-200°C, respectively, while the transition to the p' 
phase requires 200 to 8 h in the same temperature range [43]. 

Solute copper accelerates the precipitation of the P" phase, refines its particles 
by three times and promotes the homogeneous distribution of precipitates [44]. This 
effect can be observed at copper concentrations lower than 2%. 

Alloys with an excess of silicon has one major difference from alloys with 
Mg: Si ratio lower than 1.73 wt%. In these alloys, free silicon precipitates and affects 
the entire situation. Let us consider briefly the precipitation of silicon from the super- 
saturated solid solution. 
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The Al-Si system has all necessary features enabling one to expect precipitation 
hardening. However, no hardening occurs during precipitation of silicon from the 
supersaturated solid solution. Silicon atoms segregate on vacancy clusters or free 
silicon nucleates on dislocation loops very rapidly after quenching. Due to the large 
difference in lattice parameters between silicon and aluminum, the precipitates 
almost immediately loose coherency. In the temperature range from 1 50°C to 250°C, 
the complete precipitation of silicon takes 17 h to 30 min, respectively [45,46]. 
Silicon particles appear in the structure as prisms, rods or plates. Their size and 
interparticle spacing is considerably larger than those required for hardening effects. 
Solute copper may affect the precipitation of silicon, refining its particles [17]. Hence, 
silicon does not directly participate in strengthening. 

However, its effect on the sequence of precipitation and the variation in the 
composition of the supersaturated solid solution is very important. Silicon 
accelerates the formation and increases the precipitation density of spherical (Al, 
Mg, Si) zones. These zones act like nuclei for the coherent /l" phase. Recently, it 
has been found that the Mg:Si ratio in the semicoherent phase /?' phase is lower 
in the alloys with an excess of silicon, as compared with balanced alloys (1.21 
and 1.75 at.%, respectively). 

From the analysis of numerous literature data, we can conclude that the 
sequence of precipitation in Al-Mg 2 Si-Si alloys is as follows (in parentheses the tem- 
perature range according to DSC analysis [45]: 

• Formation of magnesium and silicon segregates in the matrix crystal lattice 
(below 100°C). 

• Nucleation of needle-like zones onto these segregates (200-250°C). 

• Nucleation of free silicon with rapidly lost coherency. The (Al, Mg, Si) 
zones remain unchanged (240-320°C). 

• Formation of the coherent ft" phase onto (Al, Mg, Si) zones (below 450°C). 

• Formation of the semicoherent /)' phase (below 450°C). 

• Formation of the equilibrium f! phase (above 400°C). 

The delay between quenching and artificial aging in Al-Mg 2 Si-Si alloys 
decreases the hardening effect. However, small copper additions can minimize this 
effect. Cadmium, indium, and lead also diminish this effect, but only upon aging 
at temperatures below 160-170°C. 

Some Al-Mg-Si alloys contain Sb, Pb or Sn that are added either to modify the 
Al-Si eutectics or to improve machinability of alloys. These elements can consider- 
ably worsen the mechanical properties, binding part of magnesium in insoluble, 
brittle particles of the Mg 2 df type. In this case, the efficient concentration of 
magnesium in the supersaturated solid solution is decreased. 

Temper modes and mechanical properties of some Al-Mg-Si alloys are given in 
Table 18 and Table 19. 


2.5 Aging in Commercial Al-Cu-Mg-Si Alloys 

The Al-Cu-Mg-Si system provides a base for several groups of commercial wrought 
and casting alloys: Duralumin (2024 with silicon impurity), forging alloys (2014), 
and high-strength and heat-resistant Al-Si alloys. The compositions of some alloys 
are given in Table 20. 
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Table 18 Temper Modes for Some Al-Mg-Si Alloys 


Alloy Solution treatment Aging 


356.0 

357.0 
6151 
6063 
6061 
6053 

540°C, 12 hr 
540°C, 8-12 hr 
515°C (T4) 
520°C (T4) 
530°C (T4) 
520°C (T4) 

155°C, 3-5 hr (T6) 

175°C, 6 hr or 155°C, 10-12 hr 
170°C, 10 hr (T6) 

175°C, 8 hr (T6) 

160°C, 18 hr or 170°C, 8 hr (T6) 
170°C, 10 hr (T6) 

Table 19 

Typical Mechanical Properties of Some Al-Mg-Si Alloys 


Alloy 

UTS , MPa 

YS, MPa 

El, % 

356.0 F/T6 

164/262 

124/185 

6. 0/5.0 

360.0 F 

325 

170 

3.0 

357.0 F/T6 

172/345 

90/296 

5. 0/2.0 

6151 T6 

330 

295 

17 

6063 0/T6 

90/240 

50/215 

20/12 

6061 0/T6 

125/310 

55/275 

25/12 

6053 0/T6 

110/255 

55/220 

35/13 


Table 20 Chemical Compositions of Some Commercial Al-Cu-Mg-Si Alloys 


Alloy 

Cu, % 

Mg, % 

Si, % 

Other elements, % 

324.0 

0.50 

0.55 

7.5 

— 

336.0 

1.0 

1.0 

12.0 

2.5Ni 

355.0 

1.25 

0.50 

5.0 

— 

332.0 

3.0 

1.0 

9.5 

— 

A319.0 

3.5 

0.3 

6.0 

— 

333.0 

3.5 

0.3 

9.0 

— 

238 

10.0 

0.25 

4.0 

— 

4032 

0.9 

1.0 

12.2 

0.9Ni 

AK6 (Russian) 

2.2 

0.6 

0.95 

0.6Mn 

2618 

2.3 

1.6 

0.18 

1.1 Fe; l.ONi; 0.07Ti 

2014 

4.4 

0.5 

0.8 

0.8Mn 

AK8 (Russian) 

4.5 

0.6 

0.9 

0.7Mn 


On one hand, the phase composition of these alloys is extensively studied for 
many years. On the other hand, usually the decomposition phenomena in such alloys 
are considered separately for either alloy or alloy groups, which results in con- 
tradictory results when comparing different compositional ranges. The main prob- 
lem is that the phase composition of these alloys is very complex and can 
hardly be predicted using the equilibrium phase diagram. Several phases can 
precipitate solely or in combination depending on the proportion and concentration 
of alloying elements. 
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The decomposition of multicomponent supersaturated solid solutions is a very 
important problem of modern physical metallurgy. It is likely that the final structure 
formed in an alloy after decomposition is determined by the composition of a super- 
saturated solid solution and the sequence of phase precipitation or, in other words, 
by kinetics. It is clear that this structure, in turn, determines the mechanical pro- 
perties. 

The phase composition of wrought alloys is more or less known. Depending on 
the Cu:Mg and Mg:Si ratios the phase composition in the stage of maximum hard- 
ening varies from S' to S' + 8' then to 9' + ft" and, finally, to 6' + ft" + Si. There 
is controversial information on the phase composition of alloys, containing 2-4% 
Cu and magnesium and silicon in the Mg:Si ratio less than unity (excess of silicon). 
According to the equilibrium phase diagram, there should be the cubic quaternary 
Q ( Al 4 CuMg 5 Si 4 ) phase instead of Mg 2 Si. The Q phase has a complex cubic structure 
with a= 1.263 nm [18] or a hexagonal structure with a= 1.04 nm and c = 0.405 nm 
[47]). Some authors report that they have observed “precursors” of the Q phase 
in the stage of hardening [48,49], The main argument is that these precipitates giving 
the electron diffraction pattern very close to that of the ft" (or ft') phase contain 
copper. For example, Yao et al. [50] have found in Al-Mg-Si-Cu alloys air-cooled 
from solutionizing temperature the so-called B ' phase with lattice parameters similar 
to those of the ft' phase (a — b — 1.05 nm and c — 0.405 nm), but containing copper. 
Note that the suggested structure of the B' phase is similar to that of the Q phase 
[47]. However, the same phase is observed in copper-free alloys. This may attest 
for the possible dissolution of copper in a Mg 2 Si-based phase. Recently, Cayron 
and Buffat [51] reported that the structure of the B' (or ft' c ) phase could be easily 
transformed to the structure of the Q phase by substituting silicon atoms for copper. 
Of course, there should be the Q phase in these alloys, at least in the equilibrium 
state. However, the question remains opened when it will form, during hardening 
in the temperature range from 150°C to 250°C, or later after dissolution of hardening 
ft" precipitates, or only at higher temperatures. 

The mutual effects of alloying elements are very strong. Copper and excess 
silicon refine ft" precipitates; magnesium facilitates the formation of the 8' phase 
instead of 8" but with very close distribution and size parameters [42,52,53]. 

The most complicated is the analysis of casting Al-Si alloys in which the com- 
position of the supersaturated solid solution and the composition of the alloy 
are completely different and determined by the limit solubilities and the solution 
treatment mode. The maximum solubilities of copper, magnesium and silicon in 
Si-rich alloys are 4.0%, 0.3% and 0.77%, respectively [18], It has been shown that 
silicon-containing phases precipitate only upon artificial aging, whereas the hard- 
ening at room temperature is determined by GP and GPB zones [54]. 

The examination of the entire compositional range of supersaturated solid sol- 
utions in Al-Cu-Mg-Si alloys may help to understand the problem. This was done for 
alloys containing 4% Cu and aged at 170°C for 20 hr [36]. 

The results of these investigations are given in Fig. 9. We can see that the 
composition of the supersaturated solid solution affects dramatically the phase com- 
position of aging products. Depending on the Mg:Si ratio. Duralumin (2024 type) 
fall into the phase regions ( Al) + S', ( Al) + S' + " or (Al) + " + ft"; forgeable alloys 
of the 2014 type fall into the phase region (Al) + " + ft"; and heat-treatable silumins 
have the phase composition ( Al) + " + ft" + Si. The change of the phase composition 
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2.0 



Figure 9 Phase field distribution in Al-4% Cu-Mg-Si alloys aged at 170°C for 20 hr. 

is accompanied by the essential change in the internal structure. The structure com- 
posed by " and /?" precipitates is much finer than that containing S' phase. 

When discussing these results, we have to mention the following: 

• The metastable phase composition in the range of 2XXX series alloys cor- 
responds with their equilibrium phase composition according to the phase 
diagram. 

• The phase composition of alloys with an excess of silicon differs from that 
according to the equilibrium phase diagram. 

• According to the equilibrium phase diagram, all casting Al-Si alloys with 
magnesium and copper have to contain the quaternary Q phase. 

The difference between the equilibrium and metastable phase composition can 
be explained in terms of precipitation kinetics. The decomposition occurs in the 
following sequence: clusters and zones (Mg, Si) and (Al, Cu); Si; /?"; and " . In such 
a scheme of precipitation, the supersaturated solid solution gradually depletes of 
Si, Mg and Cu due to the formation of binary phases, and there is no material left 
to form the Q phase. The precipitation of other phases with simple composition 
is thermodynamically more favorable. So, the /?" phase precipitates instead of 
the Q phase. Later, the coherent phase can transfer to the semicoherent variant 
of ff or B' , and finally to the equilibrium Q phase. 

The change of phase composition affects the aging response and mechanical 
properties of alloys. It has been shown that the maximum hardening effect and 
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Table 21 Effect of Silicon on the Phase Composition and Mechanical Properties of Aged 
(170°C, 20 hr) Extruded Plates from 2224-type Alloys 


Alloy 

2224 alloy 

2224 alloy with 0.6% Si 

Aging products 

S", S' and traces of ff 

fl" and ff 

UTS, MPa 

535 

520 

YS, MPa 

365 

415 

El, % 

13.5 

14.0 

Low-cycle fatigue, kc 

72 

75 

Fatigue endurance, kc 

324 

906 

Fatigue crack propagation rate, 
/xm/cycle (AK= 19 MPa m 1/2 ) 

3 

7 

Fracture toughness, MPa m 1/2 

50.3 

50.3 


the highest strength refers to the phase composition with hardening phases [f and 
This is an unusual result. Previously, the S' phase was considered as the most efficient 
hardener in the alloys of this system. The results given in Table 21 demonstrate that 
the introduction of Si in the stoichiometric ratio with Mg in high-purity Duralumin 
increases the yield strength and fatigue endurance with other vital properties pre- 
served [36]. This is due to the dramatically changed the phase composition and 
internal structure. The same is true for casting alloys. 

It should be noted that usually silicon is considered as a harmful impurity in 
wrought and casting aluminum alloys. This element really decreases ductility 
and fracture toughness of solid-solution type alloys. This is mainly due to the for- 
mation of intermetallics with iron impurity. However, being introduced in nearly 
stoichiometric ratio with magnesium (Mg: Si = 1.73 wt%) in alloys pure with respect 
to iron, silicon changes the phase composition of aging products and improves 
characteristics of the alloy. 

Impurities and small additions can considerably affect the hardening effect of 
Al-Cu-Mg-Si alloys, mainly due to the binding of main alloying elements in insoluble 
particles and to the decreasing content of copper and magnesium in the super- 
saturated solid solution. It has been found that iron, nickel and cobalt reduce 
the copper concentration in the supersaturated solid solution from 4 to 2. 5-3. 5%. 
Antimony and lithium lower the magnesium content. These effects are illustrated 
in Table 22 [55]. Note that mutual alloying with iron and manganese restores 
the composition of the solid solution and the tensile properties. 

Typical temper modes and mechanical properties of some commercial 
Al-Cu-Mg-Si alloys are shown in Table 23 and Table 24. 


2.6 Aging in Commercial AI-Zn-Mg-(Cu) Alloys 

The compositions within the Al-Zn-Mg-(Cu) system form important series of com- 
mercial materials. The quaternary alloys yield the highest strength for commercial 
aluminum wrought (7XXX series) and casting (7XX.0 series) alloys. The chemical 
compositions of some alloys are given in Table 25. 
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Table 23 Temper Modes for Some Al-Cu-Mg-Si Alloys 


Alloy 

Solution treatment 

Aging 

336 

515°C, 8 hr 

205°C, 7-9 hr (T65) 

355.0 

525°C, 4-12 hr 

155°C, 5-5 hr (T6) 
170°C, 14-18 hr (T62) 

332.0 

— 

205°C, 7-9 hr (T5) 

A3 19.0 

505°C, 12 hr 

155°C, 2-5 hr (T6) 

333.0 

505°C, 6-12 hr 

155°C, 2-5 hr (T6) 

4032 

510°C (T4) 

170°C, 10 hr (T6) 

AK6 

505-525°C 

20°C, > 96 hr 
160-170°C, 10-15 hr (T6) 

2618 

530°C (T4) 

200°C, 20 hr (T6) 


Table 24 Typical Mechanical Properties of Some Al-Cu-Mg-Si Alloys 


Alloy 

UTS, MPa 

YS, MPa 

El, % 

324.0 F/T62 

205/310 

130/270 

2. 5/3.0 

336.0 T65 

325 

295 

0.5 

355.0 F/T6/T61 

160/240/270 

85/170/240 

3. 0/3. 0/1.0 

332.0 T5 

250 

195 

1 

A3 19.0 F/T6 

185/250 

125/165 

2. 0/2.0 

333.0 F/T6 

235/290 

130/205 

2.0/1. 5 

238.0 F 

210 

165 

1.5 

4032 T6 

380 

315 

9 

AK6 T6 

420 

330 

13 

AK8 T6 

490 

420 

10 

2618 T61 

440 

370 

10 

2014 0/T6 

185/485 

95/415 

18/13 


Table 25 Chemical Compositions of Some Commercial Al-Zn-Mg-(Cu) Alloys 

Alloy 

Zn, % 

Mg, % 

Cu, % 

Other elements, % 

513.0 

1.8 

4.0 




363.0 

3.8 

0.3 

3.0 

5.25Si; 0.25Sn; 0.25Pb 

707.0 

4.25 

2.1 

< 0.20 

0.5Mn; 0.3Cr 

711.0 

6.5 

0.35 

0.5 

IFe 

771.0 

7.0 

0.9 

— 

0.1 3Cr 

7005 

4.5 

1.4 

— 

0.14Zr; 0.03Ti; 0.45Mn; 0.13Cr 

1911 (Russian) 

4.1 

1.9 

— 

0.35Mn; 0.13Zr 

7075-7475 

5.6 

2. 2-2. 5 

1.6 

0.23Cr 

7050 

6.2 

2.2 

2.3 

0.1 2Zr 

7178 

6.8 

2.7 

2.0 

0.23Cr 

7001 

7.4 

3.0 

2.1 

0.26Cr 

7049 

7.7 

2.4 

1.6 

0.1 6Cr 
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The solid solution range in these alloys are very wide and almost all zinc, magnesium 
and copper can be introduced into the supersaturated solid solution during 
quenching. It is worth to note that the supersaturated solid solution in copper-free 
Al-Zn-Mg alloys can be obtained even during rather slow cooling, in air. 

First, we consider the Al-Zn-Mg system. This alloying system is well studied, 
although there are still disputes about the origination of GP zones and the meta- 
stable phase composition. The following phases are formed during aging: GP zones 
(MgZn); if; rj (MgZn 2 ); T'; and T (Al 2 Mg 3 Zn 3 or (AlZn) 49 Mg 32 ). As Mg:Zn ratio 
ranges from 2:5 to 1:7, the precipitation sequence goes through zones and coherent 
precipitates to the rj phase. At Mg:Zn = 0.5-6, the decomposition finishes with 
the formation of the T phase [18]. Two types of GB zones are distinguished in 
Al-Zn-Mg alloys: GP1 are formed during natural aging and GP2 (or vacancy-rich 
clusters) originate during quenching and are likely to be precursors for the if phase. 
The metastable if phase forms in the compositional range much wider than the 
( Al) + 1 ] region on the equilibrium phase diagram, covering part of the ( Al) + T phase 
field. The very important feature of this system is that the rj phase may have a series 
of orientation relationships, typical of the aging mode and the alloy composition. 
This specific feature is reflected in the designation of ;/ precipitates with a subindex. 
The t ] ; phases precipitate in the temperature range from 100°C to 200°C and can 
nucleate either on if particles or independently. The data on the crystal structure 
and orientation relationships of possible phases in Al-Zn-Mg alloys are shown 
in Table 26 [18,56], 

The addition of up to 1% copper to Al-Zn-Mg alloys does not affect signifi- 
cantly the precipitation mechanism. Copper remains mainly in the solid solution, 
not forming own phases. Higher copper content contributes to hardening either 


Table 26 Crystal Structure and Orientation Relationships of Phases in Al-Zn-Mg Alloys 


Crystal structure 

Phase Lattice parameter, nm Orientation relationship 




a 

c 



rf (R) 

Hexagonal 

0.496 

0.702 

(001) p 

1(1 10) A1 ; (100)p ||(00 1 ) A1 

4i (R2) 


0.496 

0.554 



'?i 

Hexagonal 

0.515-0.523 

0.848-0.862 

(001) p 

1(1 10) A1 ; (100) p ||(001 ) A1 

m 




(001) p 

l(ii i) A1 ; (ioo) p ii(i i0) A] 

m 




(001) P 

l(iii) A1 ; (H0)p ||(i 10) A1 

r/4 




(001) P 

|(1 10) A1 ; (120) p ||(liI) A1 

*15 




(302) p 

l(H0) A1 ; (120) p ||(111) A1 

% 




(20 1 ) p 

1(1 12) A1 ; (120) p ||(111) A1 

in 




(104) p 

|(110) A1 ; (120) p ||(llI) A1 

m 




(001) p 

1(31 1) A1 ; (l20) p ||(ll2) A1 

119 




(001) P 

1(1 10) A1 ; (120) p ||(001 ) A1 

>1 10 




(001) P 

l(lll) A1 ; (110)p [|(134) A1 

'?n 




(001) p 

1(1 10) A1 ; (100)p ||(0lI) A1 

T' 

Cubic 

1.42-1.44 

-2.75 

(100) p 

|(111) A1 ; [010] p ||[1 12] AI 



1.39 





Hexagonal 





T 

Cubic 

1.416-1.429 

— 

(100) p 

I(112)ai; [001] p ||[ll0] A1 
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by increasing the stability of GPZ (copper atoms enter the zones) or by altering the 
composition of r] phase during aging above 150°C, or by the formation of the S' 
(Al 2 CuMg) phase [57]. Aksenov et al. [57] also showed that the addition of 1-2% 
Cu to Al-Zn-Mg alloys increases the metastable solvus of the hardening if 2 phase 
and therefore contributes to additional hardening by improving the stability of this 
phase. According to Mondolfo [18], the main constituents of alloys containing 5-8% 
Zn, 23% Mg and up to 1.5% Cu are the MgZn 2 -AlCuMg and Al 2 Mg 3 Zn 3 -Al 6 CuMg 4 
phases, which form series of solid solutions between isomorphic phases from 
Al-Mg-Zn and Al-Cu-Mg systems. 

The properties of Al-Zn-Mg-Cu alloys are much dependent on the total con- 
centration of alloying elements. If the overall content of Zn, Mg and Cu exceeds 
9%, the alloys exhibit the highest strength at expense of corrosion resistance, 
weldability and toughness. In the range of alloying concentration from 6% to 
8%, the balanced complex of properties can be achieved. In addition, at the con- 
centration range from 5% to 6%, the fabricability becomes paramount and 
stress-corrosion susceptibility vanishes. 

The natural aging of Al-Zn-Mg-(Cu) alloys occurs very efficiently and con- 
tinues for years. Due to this instability in properties, these alloys are seldom used 
in the RT-aged condition (W temper). Stable properties, higher strengths and 
fracture toughness, and improved corrosion resistance are obtained after various 
modes of artificial aging. In difference from Al-Cu-Mg-(Si) and Al-Mg-Si alloys 
aged typically in the range from 160°C to 190°C, the Al-Zn-Mg-(Cu) alloys receive 
higher properties upon annealing in the temperature range from 115°C to 130°C. 

The maximum strengthening is associated with precipitation of coherent GP 
zones and the semicoherent if phase. The solvus temperature of GP zone formation 
increases with magnesium and zinc concentrations. The zones are very small 
(2-3.5 nm) and spherical in shape, whereas the if phase forms round- or 
plate-shaped particles. The GP zones nucleate homogeneously in the matrix and 
gradually transform to either ?/ or T phases with respect to the Mg:Zn ratio. 
The t] phase precipitates in various shapes such as plates, rods and laths, depending 
on the orientation relationship [56]. Crystal defects such as dislocations, small- 
and large-angle boundaries represent sites for the preferential formation of 
semicoherent or incoherent particles. On aging at temperatures above the solvus 
of GPZ or during slow cooling upon quenching, the precipitation of these not hard- 
ening phases occurs and decreases the final strength of the alloy. Hence, the right 
choice of the quenching rate and the aging temperature is very important for receiv- 
ing necessary properties. 

A time-temperature diagram showing the phase composition of aging products 
in a 7075-type alloy is given in Fig. 10 [31]. 

The most widely used aging mode for Al-Zn-Mg-(Cu) alloys is a two-step 
aging. The aim of the first step (100-1 10°C) is to grow up GP zones that are stable 
at higher temperatures and provide sites for the formation of meta-stable hardening 
phases. During the second step (150-160°C) the alloy acquires desirable properties. 
There are several purposes of the two-stage aging: (i) to diminish the harmful effect 
of intermediate natural aging (or delay between quenching and artificial aging); (ii) 
to reduce the overall treatment time; and (iii) to improve corrosion resistance. 

High-strength Al-Zn-Mg-Cu alloys are very sensitive to stress corrosion, which 
limits their application. The susceptibility to stress corrosion is due to inhomo- 
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Figure 10 Time-temperature diagram for aging of a 7075-type alloy. 


geneous precipitation of semicoherent and incoherent phases and due to the forma- 
tion of so-called precipitation-free zones near grain boundaries. The nucleation 
of GP zones is much dependable on the efficient vacancy concentration in the super- 
saturated solid solution. As the grain boundaries provide good vacancy sinks, the 
nearby regions can be depleted of vacancies or solute atoms, or remain super- 
saturated without decomposition [18]. Special heat treatment modes were designed 
to improve the stress-corrosion resistance of these alloys. These tempers are based 
on the fact that overaging may decrease the selective corrosion at grain boundaries. 
The practice is to use either two-step aging (100-120°C, 1-24 hr and 160-175°C) 
or one-step aging at 160-175°C but with well-controlled heating rate. In both cases 
the aim is to produce numerous GPZ stable at higher temperatures, and then trans- 
form them to homogeneously distributed intermediate and stable phases upon over- 
aging. 

Additions of transition metals also are aimed on the improving corrosion 
resistance due to the redistribution of precipitates, grain refinement and hardening 
the precipitation-free zones. 

The temper modes and mechanical properties of some commercial 
Al-Zn-Mg-(Cu) alloys are listed in Table 27 and Table 28. 


2.7 Aging in Commercial Al-Li Alloys 

Alloys containing lithium attract more and more attention during recent two dec- 
ades. These alloys have several advantages: low weight, high rigidity, excellent 
fatigue and cryogenic toughness. Most of these materials are wrought and heat 
treatable. Main application is airspace industry. Each 1% Li within the limit 
solubility decreases the density of an alloy by 3% and increases the Young modulus 
by 5%. There are several groups of alloys with lithium: Al-Cu-Li; Al-Mg-Li; 
and Al-Cu-Mg-Li. Binary Al-Li alloys have not found any commercial application, 
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Table 27 Temper Modes for Some Al-Zn-Mg-(Cu) Alloys 


Alloy 

Solution treatment 

Aging 

Comments 

707 

530°C, 4-16 hr 

175°C, 4-10 hr (T7) 


711.0 

— 

20°C, 21 day (Tl) 


771.0 

590°C, 6 hr° 

130°C, 3 hr (T6) 

Cooling in air after solutionizing 

7005 

400°C 

20°C, 82 hr or 100-1 10°C, 

8 hr + 145-155°C, 16 hr 

Press quenched 

7075 

480°C (W) 

120°C, 24 hr (T6) or 95°C, 
4 hr + 157°C, 8 hr 

Rapid cooling upon quenching 
and rapid heating to aging 
temperatures 

7475 

480°C (W) 

120°C, 3 hr + 160°C, 3 hr 

Rapid cooling upon quenching 
and rapid heating to aging 
temperatures 

7050 

475°C (W) 

120°C, 3 hr + 165°C, 1 hr 
(T61) or 100°C, 8 hr + 
165°C, 24-26 hr (T7351) 

Rapid cooling upon quenching 

7178 

470°C (W) 

120°C, 24 hr (T6) 

Rapid cooling upon quenching 

7001 

465°C (W) 

120°C, 24 hr (T6) 

Rapid cooling upon quenching 

7049 

470°C (W) 

20°C, 48 hr + 120°C, 24 hr 
+ 165°C, 10-16 hr (T73) 

Rapid cooling upon quenching 


Table 28 Mechanical Properties of Some Al-Zn-Mg-(Cu) Alloys 


Alloy 

UTS. MPa 

YS. MPa 

El, % 

513.0 F 

186 

110 

7.0 

707.0 F 

255 

207 

1.0 

711.0 F 

240 

125 

8.0 

771.0 F/T6 

305/330 

250/260 

3. 0/9.0 

7005 0/W/T6 

195/345/350 

80/205/290 

11.5/30/42 

7075 0/T6 

230/570 

105/505 

17/11 

7475 T7351 

505 

435 

14 

7050 T7651 

550 

490 

11 

7178 0/T6 

230/605 

105/540 

15/10 

7001 0/T6 

255/675 

150/625 

14/9.0 

7049 T73 

540 

475 

10 


however the precipitation phenomena in these alloys is worth considering in order to 
better understand the aging of more complex materials. Some alloy compositions are 
given in Table 6.29. 

The decomposition of the Al-Li supersaturated solid solution occurs with the 
homogeneous formation of the ordered S' (Al 3 Li) phase which later gives place 
to the equilibrium AlLi phase [58], At usual concentrations of Li (1.5-2. 5%), the 
solvus of the intermediate phase is about 150-250°C. The very fine, spherical 
precipitates or clusters of Al 3 Li are formed during quenching, and the artificial aging 
results only in their growth. The rapid lithium diffusion along dislocation lines, grain 
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Table 29 Compositions of Some Aluminum Alloy Containing Lithium 


Alloy 

Li, % 

Cu, % 

Mg, % 

Other elements, % 

Weldalite049 

1.3 

5.4 

0.4 

0.4Ag; 0.1 4Zr 

1420 (Russian) 

2.0 

— 

5.5 

0.09-0. 15Zr 

1421 (Russian) 

2.0 

— 

5.0 

0.2Mn; 0.2Sc; 
0.1 5Zr 

VAD23 (Russian) 

0. 9-1.4 

4. 5-5. 8 

— 

0.4—0. 8Mn, 0.1- 
0.25Cd 

2091 (USA) 

1.7-2. 3 

1.8-2. 5 

1. 1-1.9 

0.04-0. 16Zr 

CP276 (French) 

1.9-2. 6 

2.5-3. 3 

0.2-0. 8 

0.04-0. 16Zr 

2090 (USA) 

1.9-2. 6 

2. 4-3.0 

0.05-0.25 

0.08-0.15 

8090 (European) 

2 . 2 - 2.1 

1. 0-1.6 

0. 6-1.3 

0.04-0. 16Zr 


Table 30 Crystal Structure and Orientation Relationships of Phases Formed in Al-Li 
Alloys 


Phase Crystal structure Lattice parameter, nm Orientation relationship 


S' 

Cubic 

a 

0.401 

c 

(001)p || (00 1 ) A1 ; [100] p ||[100] A1 

S 

Cubic 

0.6356-0.638 

(100) p ||( 1 10) A i; [011]p ||[lTl] A1 

T, (ALCuLi) 

Hexagonal 

0.497 

0.935 (ooi)p ||(i l i) A i; (I00)p ||(TIo) a1 ; 

T 2 (Al 6 CuLi 3 ) 
T b 

Icosahedral 

Cubic 

0.583 

(110)p ||(2lT) A1 

[100]p ||[110] A1 ; [001]p ||[001] A1 

(Al 7 5 Cu 4 Li) 
R (Al 5 CuLi 3 ) 

Cubic 

1.3914 or 1.403 

[t00]p ||[IIl] A1 ; [010]p II [101] A1 ; 

Al 2 LiMg 

Cubic 

2.031 

[001] p II [1 12] a1 

(Il0)p 11(1 10) A1 ; [1 10] p ||[111] A1 


boundaries and interfaces with dispersoids causes the formation of precipitation-free 
zones and discontinuous precipitation of S. On further aging the coherent S' phase 
transforms to the semicoherent and, finally, incoherent S' (AlLi) phase. The latter 
appears as plates and frequently forms onto grain boundaries. It is likely that 
the AlLi phase nucleates and grows independently of its precursor. 

The crystal structure and orientation relationships of phases formed in various 
Al-Li alloys are given in Table 30 [18,58,59]. 

Al-Li alloys are unique with respect to microstructures formed during aging. 
The <5' phase once precipitated retains its coherency even after long aging times. 
Additionally, long aging of Al-Cu-Li alloys at temperatures above 190°C produces 
grain-boundary precipitates of the icosahedral phase, which is quite unusual for 
common processing procedures. The behavior of the S' phase is very similar to that 
of the A1 3 Sc phase [60], 

However, the precipitation-free zones and grain-boundary precipitates along- 
side homogeneously distributed coherent particles inside grain determine the limi- 
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tation of Al-Li alloys — fast crack propagation and uneven dislocation slip with rel- 
evant stress accumulation and cracking. 

In commercial alloys, the dislocation slip is homogenized and the 
precipitation-free zones are reduced by introducing dispersoids (e.g. Al 3 Zr) and 
semicoherent/ incoherent precipitates such as T x , 9 (Al 2 Cu) and S' (ALCuMg). 

Magnesium and copper are the most widely used additions to Al-Li alloys. 
They improve strength by solid solution and precipitation hardening and minimize 
the formation of precipitation-free zones, thereby increasing fatigue endurance 
and fracture toughness. Zirconium stabilizes substructure, preventing the develop- 
ment of recrystallization. In addition, the introduction of transition metals, such 
as Zr and Sc, considerably slows down the lithium diffusion and the coarsening 
of S' particles [61]. Moreover, the presence in the structure of coherent or 
semicoherent Al 3 Zr and Al 3 Sc particles provides places for preferential nucleation 
of the < 5 ' phase. The latter forms so-called composite particles with the core of A1 3 TM 
and the envelope of Al 3 Li. 

The precipitation sequence in Al-Li-Mg alloys is: supersaturated solid solution, 
3 ( Al 3 Li); ALLiMg. The only effect of magnesium at early stages of decomposition is 
the reduced solid solubility of lithium. Therefore, the precipitation density of S' 
increases. Later, magnesium and lithium form the ternary compound. The latter 
is incoherent and nucleates on grain boundaries or dislocation networks during 
quenching or overaging. 

In the Al-Li-Cu alloys, the decomposition occurs as follows; supersaturated 
solid solution, GPZ, ALCu (9", 9', 9) or Al 3 Li (S') and, finally, T x (ALCuLi). Instead 
of T u other T x phases (see 60) can be formed depending on the Cu:Li ratio. On 
decreasing this ratio, the equilibrium phase composition changes from 9 to T B , 
T\, T 2 and, finally, to AlLi. On overaging, the R phase forms in addition to T B 
and T 2 phases [59]. Generally, copper accelerates the decomposition and hardening 
in Al-Li alloys. The hexagonal 7) phase appears in structure as hexagonal-shaped 
plates. With respect to the supersaturation, 7) nucleates either on GPZ or at dis- 
locations. 

During precipitation in an Al-2.7% Li- 1.9% Cu alloy, plates of the 7) phase 
rapidly fill the entire volume of the grain dividing it into cells filled, in turn, with 
S' particles [62]. As a result of this structure formation, the yield strength of the 
alloy increases and the deformation becomes more uniform. However, the latter 
effect may be much less pronounced if there are regions free of T , particles. 

Huang and Ardell [63] demonstrated that the equilibrium phase diagram can- 
not predict the phase composition after aging. They studied two alloy, containing, 
respectively, 2.3% Li; 2.85% Cu and 2.90% Li; 0.99% Cu. Both alloys contained 
also 0.12% Zr. According to the equilibrium phase diagram, the first alloy has 
to contain 7) and T 2 phases whereas the second one, S and T 2 . However, the 
TEM study revealed that both alloys contained after aging S' and 7), and the first 
alloy in addition, 9'. The latter phase frequently serves as a substrate for S’. The 
9' phase is observed up to the peak hardness range, afterwards its dissolves giving 
place to the 7) phase. 

Figure 1 1 demonstrates a time-temperature diagram for phase distribution and 
hardening of a 1450 (Al-Li-Cu-Zr) Russian alloy. Alloying with both magnesium 
and copper makes the phase composition and precipitation sequence more complex 
[59]. In addition to S' and T x phases, the S' (ALCuMg) and R (Al 5 CuLi 3 ) phases 
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Figure 11 Time-temperature diagram for aging of a 1450 (Al-Li-Cu-Zr) alloy (a); and cor- 
responding distribution of yield strength values (b). 




Table 31 Temper Modes for Some Al-Li Alloys* 


Alloy 

Solution treatment 

Aging 

1420 

450°C 

170°C, 8-24 hr (T6) or 120°C, 12-18 hr (T7) 

VAD23 

520°C 

160°C, 10 hr (T6) 

2091 

530°C (T3) 

120°C, 24 hr (T84) 

CP276 

540°C (T3) 

190°C, 12-15 hr (T6) 

2090 

540°C (T3) 

165°C, 24 hr (T83) 

8090 

530°C (T3) 

190°C, 12 hr (T6) 


* Stretching or cold working after quenching and before aging is obligatory 


precipitate, contributing to further improved hardening. The S' particles decorate 
subboundaries and prevent or delay the development of dynamic recovery, thus 
improving high-temperature stability of the alloy up to 250°C. 

Typical temper modes and mechanical properties of some Al-Li-based alloys 
are given in Table 31 and Table 32. 


3 PRECIPITATION PHENOMENA IN ALUMINUM ALLOYS WITH 
TRANSITION METALS 

The main peculiar feature of transition metals (TM) in aluminum alloys is the for- 
mation of supersaturated solid solutions during solidification. The higher the cooling 
rate, the larger the solubility of TM in solid aluminum. The supersaturated solutions 
obtained in this way are characterized with much higher stability than ordinary 
supersaturated solid solutions formed by copper, magnesium, zinc, silicon, and 
lithium upon quenching. The temperature of decomposition for Al-TM solid sol- 
utions is between 250°C and 650°C, depending on the transition metal. 
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Table 32 Mechanical Properties of Some Al-Li Alloys 


Alloy 

UTS, MPa 

YS , MPa 

El, % 

Other properties* 

Weldalite049 T6 

720 

680 

3.5 


1420* T6 

505 

380 

8.0 


(extruded bars) 
1421* T6 

530 

465 

5.5 


(extruded bars) 
VAD23 T6 

580-660 

540-600 

5. 0-9.0 


2091* T651 

480 

430 

12 

£=78.8 GPa 

(sheet) 
CP276* T6 

640 

590 

5.0 

K iC = 39 MPa^/m; £=90.2 GPa 

(extruded bars) 
2090 0/T83 

215/530 

195/517 

11/3.0 

K 1C = 38.5 MPa ,/m; £=78.5 GPa 

8090* T6 
(extruded bars) 

555 

445 

7.0 

£ IC = 37 MPa^/m; £=81.2 MPa 

*Experimental results [60,64-66] 


Table 33 

Effect of Cooling Rate on the Composition of Al-based Solid Solution 

V c , K/s 

Mn, % 

Cr, % 

Zr, % 

V, % 

Ti, % 

Sc, % 

10 1 

1.82 

0.82 

0.28 

0.37 

0.28 

0.4 

10 1 

2.5 

0.4 

0.1 

0.1 

0.1 

0.4 

10 2 

2.8 

0. 7-1.0 

0.15-0.17 

0.25 

0.2 

0.5 

10 3 

3. 0-5.0 

1. 5-3.5 

0.5-0. 7 

1.3 

0.4-1 .0 

1.1 

10 4 

5. 0-7.0 

2. 0-5. 7 

0.9-1. 7 

— 

1.4 

— 

10 5 

6.1-10.0 

5.35-5.7 

1. 2-2.0 

1.3 

— 

3.2 

10 6 

8.6-14.0 

5.8-7.75 

2.5-2. 8 

2.6 

3. 7-5.0 

— 


Modern ingot and casting metallurgy operates with cooling rates of 10-100 
K/sec. At such cooling rates, the aluminum solid solution can be saturated with 
TM up to the equilibrium limit solid solubility in eutectic systems or to the equi- 
librium concentration of TM in the liquid phase in peritectic systems. 

The use of rapid solidification techniques, such as atomization, splat cooling 
and melt spinning, can increase the cooling rate up to 10 7 K/sec and enrich the 
solid solution to much larger extent. Table 33 and Table 34 demonstrate the 
supersaturation degree, phase composition and hardening effect of some Al-TM 
binary alloys [60]. The high structural and phase stability of Al-TM alloys makes 
these alloys promising for commercial use. This stability is connected mainly with 
very low diffusion rates of these elements in solid aluminum and sometimes with 
good structural match between crystal lattices of TM aluminides and aluminum 
(a cubic structure with a = 0.404 nm). 

In binary systems, transition metals react with liquid aluminum either by eutec- 
tic (Mn, Fe, Sc, Ni) or peritectic (Cr, V, Zr, Ti, Mo) reactions. The type of the phase 
diagram determines some differences in the alloy behavior. The formation of a 
supersaturated solid solution in peritectic systems requires deeper undercooling, 
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Table 34 Parameters of Binary Al-TM Alloys and Effect of Precipitation Hardening 


System 

Phase 

Crystal structure 

Limit solubility 
(C), at % 

Temperature of 
decomposition, 
°C 

Effect of 
precipitation 
hardening, 
AH/C [at. %] 

Al-Mn 

Al 6 Mn 

Orthorhombic: a = 0.6498 nm; 
b = 0.7552 nm; c = 0.8870 nm 
Cubic (meta stable Al 12 Mn): 
a = 0.747 nm 

0.88 

300-350 

10 

Al-Cr 

Al 7 Cr 

Orthorhombic: a = 2.48 nm; 
b = 2.47 nm; c = 3.02 nm. 

0.41 

450-500 

51 

Al-Zr 

Al 3 Zr 

Tetragonal: a = 0.4006 nm; 
c = 1.727 nm 
Cubic (meta stable): 
a = 0.407 nm 

0.093 

400-450 

154 

Al-V 

A1„V 

Cubic: 0 = 1.4586 

0.21 

500-550 

31 

Al-Ti 

Al 3 Ti 

Tetragonal: o = 0.3848 nm; 
c = 0.8596 

0.17 


— 

Al-Sc 

A1 3 Sc 

Cubic: o = 0.4104 nm 

0.28 

250-350 

208 


which is evidenced by the existence of a threshold cooling rate, about 10 2 K/sec. On 
the contrary, the supersaturation in eutectic systems increases continuously with 
undercooling (or cooling rate). The decomposition in alloys of eutectic systems 
occurs at lower temperatures and proceeds more rapidly than in peritectic-type 
alloys. The diffusion coefficients of elements forming eutectic systems with alumi- 
num are by an order of magnitude higher than those of peritectic systems. 

It should be also noted that the dendritic segregation formed upon 
solidification in Al-TM alloys cannot be easily eliminated by homogenization. This 
is obviously due to low diffusion rates of transition metals, which range from 10 “ 14 
to 10“ 12 cm 3 /sec at 500°C. 

There are several mechanisms, by which transition metals act in aluminum 
alloys. These are grain refinement of the as-cast structure, slowing down or pre- 
venting the recrystallization of deformed alloys (structural hardening), and precipi- 
tation hardening. The first two mechanisms are widely used in commercial 
aluminum alloys, which frequently contain small additions of Ti, Mn, Zr, and 
Cr. The third mechanism is less used. There are several causes of this. Firstly, there 
are only a few transition metals that form coherent or semicoherent precipitates 
during decomposition of the supersaturated solid solution. Actually, there are only 
zirconium and scandium (see Table 34). Secondly, the temperature ranges of pre- 
cipitation hardening in commercial wrought alloys (150-200°C) and in Al-TM alloys 
(250-450°C) are very different. Therefore, one has to choose which mechanism of 
hardening is preferable, by usual hardening phases considered previously in this 
Chapter or by aluminides of transition metals. 

The challenge is to use the precipitation hardening with Al-TM phases in 
nonheat-treatable aluminum alloys, e.g. Al-Mg. This way was applied to the devel- 
opment of Al-Mg-Zr-Sc alloys and gave excellent results [60]. All mechanisms of 
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transition metals in aluminum alloys are due to the formation of considerably fine 
aluminides either during solidification or during annealing. Mostly, the aluminides 
formed upon solidification have an ability to refine grains, serving as nucleation 
sites for aluminum solid solution. Lamikhov and Samsonov [67] showed that the 
refining ability of transition metals added to 99.99% pure A1 decreases from Sc 
to Ni in Period IV and from Zr to Mo in Period V. The incompleteness of the d-shell 
and the crystal structure of aluminides are likely the most important parameters 
determining the refining effect. 

The hindering of recrystallization processes occurs by pinning-down 
small-angle boundaries and dislocations by fine, not necessarily coherent, aluminide 
particles (dispersoids). These particles are usually formed during high-temperature 
decomposition, e.g. during solution treatment (which is homogenization for main 
alloying elements and heterogenization for transition metals). Yelagin [68] analyzed 
the effects of transition metals on recrystallization of aluminum and its alloys. 
Binary alloys were cast, annealed at 500°C, hot rolled at 420-450°C, annealed 
at 450°C, and cold rolled. Table 35 demonstrates the maximum increments of 
recrystallization temperatures upon addition of TM. The analysis of the data shows 
that (i) the recrystallization temperature in binary alloys of aluminum with Period 

IV TM increases after a certain threshold concentration which is close to the limit 
solubility of TM at a temperature of solution treatment; (ii) in the case of Period 

V TM, the recrystallization temperature increases even with very small additions; 
and (iii) some TM cause pronounced maxima of the recrystallization temperature 
against the concentration, these maxima being correlated with the limit solubility 
of TM in aluminum. 

Transition metal acts as an efficient antirecrystallizer agent under the following 
conditions: incomplete 3 d electron shell with minimum electrons; large difference in 
atomic radii with aluminum; formation of supersaturated solid solution upon sol- 
idification; and the decomposition of this solid solution with precipitation of 
thermally stable fine dispersoids. 

Let us briefly consider the effects of some commonly used transition metals in 
aluminum alloys. 


Table 35 Maximum Increments of the Temperatures of Recrystallization Onset (t\,) and 
Finish (f[) in Al-TM Alloys 


Element 

Atomic radius, nm 

C, at% 

A f t , K 

At], K 

Sc* 

0.16 

0.20 

120 

320 

Ti 

0.145 

0.25 

5 

180 

V 

0.136 

0.21 

15 

15 

Cr 

0.128 

0.35 

45 

30 

Mn 

0.131 

0.77 

30 

25 

Fe 

0.137 

0.04 

65 

35 

Ni 

0.124 

0.04 

- 10 

5 

Zr 

0.16 

0.09 

105 

240 

Nb 

0.147 

0.12 

35 

35 

Mo 

0.14 

0.12 

70 

45 
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Chromium is a usual addition to Al-Mg, Al-Mg-Si and Al-Mg-Zn alloys. It is 
used to control grain structure in wrought products by delaying or preventing 
recrystallization during heating or hot working. The formed substructure is 
favorable for stress-corrosion resistance and fracture toughness. However, when 
a hardening phase tends to precipitate onto Cr-containing dispersoids, the quench 
sensitivity may increase. 

Iron is usually considered as a harmful impurity in aluminum alloys. 
Nevertheless, its addition along with manganese in 8XXX series alloys produces 
good combination of strength and ductility at room temperature and helps to retain 
strength at elevated temperatures. This is due to the fine grain size stabilized by 
dispersed iron-rich precipitates. In order to prevent the depletion of the solid sol- 
ution of copper and magnesium in 2XXX series alloys, iron is combined with 
manganese or nickel. In this case, the amount of insoluble phases containing copper, 
magnesium, silicon and iron is essentially decreased, being replaced by AlFeMnSi 
and AlFeNi compounds. 

Manganese is a very typical addition in many commercial aluminum alloys. 
Manganese has the highest solid solubility among TM in aluminum and can provide 
solid solution hardening as well. However, the most important is the structural hard- 
ening due to the decomposition of Al-Mn supersaturated solid solution. Alloys of the 
Al-Cu-Mg system usually contain 0. 5-0.8% Mn, which simultaneously improves 
strength and ductility of extruded products. Manganese (up to 1.25%) is a main 
alloying element in 3XXX alloys used for can production. Its purpose is to allow 
high deformation degrees and to prevent grain growth. These effects are due to 
the slowing down recrystallization and considerably uniform distribution of 
manganese precipitates throughout the grain volume. At the same time, manganese 
precipitates increase the quench sensitivity of heat treatable aluminum alloys. 
Manganese is also the cheapest addition in aluminum. 

Scandium is a new element in aluminum alloys. The interest to this element is 
increasing during recent decade thanks to the unique combination of properties 
in Al-Sc alloys [60]. All valuable features of scandium in aluminum are due to 
the formation of the Al 3 Sc phase either during solidification or upon decomposition 
of the supersaturated solid solution. The vital feature of this phase is a cubic struc- 
ture with the lattice parameter only slightly different from that of aluminum 
(0.4104 nm and 0.404 nm, respectively). This is the best match in all known equi- 
librium phases. The antirecrystallizing effect of scandium is very high and can 
be used in almost all commercial aluminum alloys. However, the precipitation 
hardening, which is very efficient in Al-Sc alloys (Table 36), can be successfully 
applied only to nonheat-treatable alloys, such as Al-Mg and Al-Mn alloys. 

It should be noted that scandium is quite expensive, therefore its concentration 
should be as low as possible. It was found out that the mutual introduction of Sc and 
Zr allows one to decrease the amount of scandium to 0.15-0.2% and even improve 
mechanical properties, service characteristics, and thermal stability. The reason 
is in the formation of two coherent cubic phases with close crystal structures 
(equilibrium Al 3 Sc and metastable cubic Al 3 Zr). These phases together precipitate 
in the temperature range 300-400°C, which is between effective temperature ranges 
of binary Al-Sc and Al-Zr alloys, and produce higher strength than in binary alloys. 
The advantage of ternary alloys becomes more pronounced at higher annealing tem- 
peratures and on longer exposures [69]. The decomposition occurs by the formation 
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Table 36 Hardening Effects Upon Aging of Different Aluminum Alloys 


Alloy composition, wt% 

C E , at% 

/, vol. 

ALSLax, MPa 

AF5 max /C E 

lMg; 0.6Si; 0.25Cu 

1.77 

1.65 

140 

79 

4Cu; 1.5Mg 

3.41 

6.80 

260 

76.2 

4.5Zn; 1.8Mg 

3.95 

2.72 

230 

58.2 

5Zn; 2.3Mg; 1.7Cu 

5.99 

4.62 

290 

48.4 

6Cu 

2.5 

7.5 

140 

56.0 

5.5Mg; 2.8Li 

0.99 

3.98 

190 

190.9 

4.2Cu; 0.6Mg; ISi 

3.49 

6.51 

270 

77.3 

0.5Sc 

0.12 

0.48 

120 

1000 


of coherent spherical Al 3 Sc and Al 3 Zr precipitates, latter being finer than former. On 
increasing the temperature of annealing, Al 3 Zr particles grow slowly retaining 
coherency and harden the matrix, whereas Al 3 Sc precipitates coarsen, loose 
coherency and pin-down dislocations. In the temperature range from 350°C to 450°C 
and on soaking times up to 200 hr, the size of Al 3 Zr particles ranges from 5 to 1 1 nm 
and that of Al 3 Sc, from 25 to 35 nm. The alloying of aluminum alloys with Sc and Zr 
is the mainstream in physical metallurgy of these alloys. 

Zirconium proper is a very important addition to structural aluminum alloys. 
The main role of this element is to slow down or prevent the development of 
recrystallization and, thereby, improve strength and service characteristics of 
wrought products. The supersaturated solid solution of Zr in aluminum formed upon 
solidification decomposes during solution treatment and hot deformation with the 
formation of fine dispersoids of the metastable cubic Al 3 Zr phase. These precipitates 
very efficiently pin down dislocations and small-angle boundaries, promoting the 
formation of polygonized or very fine-grained recrystallized structure in deformed 
products. Such structure not only increases mechanical properties, but also decreases 
the anisotropy of properties and stress-corrosion susceptibility. Additions of zir- 
conium (as well as Sc) to Al-Li alloys assure a more homogeneous distribution 
of hardening phases, especially Al 3 Li, and reduce the precipitate-free zones near 
grain boundaries. This effect is because cubic Al 3 Zr acts like a substrate for the 
precipitating Al 3 Li phase. As a result rather evenly distributed composite particles 
are formed, increasing the strength and toughness of an alloy. 

Let us consider in more detail two groups of commercial alloys. First group 
includes Al-Mn alloys and represents up to now the only one series of commercial 
wrought aluminum alloys containing solely transition metals. Second group consists 
of Al-Mg-Sc alloys and vividly shows the possibility of precipitation hardening with 
the aid of transition metals. 


3.1 Commercial Al-Mn Alloys 

Commercial Al-Mn alloys are among oldest aluminum materials. The first alloy 
known today as 3003 was introduced in 1906. In the end of 1920s a 3004 alloy 
appears. Amazingly but these alloys are still in use without major changes in com- 
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Table 37 Chemical Compositions, Temper Modes and Mechanical Properties of 
Commercial Al-Mn Alloys # 


Alloy 

Mn, % 

Mg, % 

Annealing 

UTS, MPa 

YS, MPa 

El, % 

3003 

1 .0-1.5 

— 

400-600°C 

1 10* / 1 50** 

42/145 

35/12 

3004 

1.0-1. 5 

0.8-1. 3 

415°C 

180*/240*** 

70/200 

22/11 

3105 

0.2-0. 8 

0.2-0. 8 

345°C 

1 1 5* / 1 70** 

55/150 

24/5 


# A11 Al-Mn alloys contain up to 0.25% Cu, 0.70% Fe, and 0.3-0.6% as impurities. 
* Annealed (O). 

** Worked H14. 

*** Worked H34. 


position. This proves the value of manganese as an important alloying element. 
Table 37 shows the compositions, treatment modes and properties of commercial 
Al-Mn alloys. 

The strength of the 3003 alloy is essentially higher than that of commercially 
pure aluminum, and the 3004 alloy is even considerably stronger. The dispersion 
and structural hardening with manganese aluminides is in a base of the structure 
and properties of these alloys. Besides, the solid-solution hardening of magnesium 
is employed in the 3004 alloy. 

Manganese easily forms supersaturated solid solution in aluminum upon ingot 
casting (F c <10 2 K/sec). This solid solution decomposes at temperatures above 
325°C with precipitation of fine Al 6 Mn or more complex ( AlFeMn) and ( AlFeMnSi) 
dispersoids. There is no real precipitation hardening. However, these dispersoids 
efficiently hinder grain growth upon recrystallization and provide for the formation 
of fine-grained structure in sheets and other deformed products. High iron and 
silicon content and small amounts of copper and magnesium also tend to refine 
the grain size [18]. Iron is also very important in these alloys from the viewpoint 
of texture. It prevents the formation of earing upon deep drawing due to the control 
of texture [9]. 

All these alloys possess high corrosion resistance, weldability, excellent 
machinability and good resistance to grain growth. The tensile properties consider- 
ably increase with decreasing temperature and, on the other hand, retain sufficient 
level up to 200°C. They are used in production of general-purpose structures, 
chemical-resistant and food-compatible equipment, and packaging. The 3004 alloy 
is the main material for beverage cans. 


3.2 Commercial Al-Mg-Sc Alloys 

Conventional commercial Al-Mg alloys (5XXX series) are distinguished for their 
excellent corrosion resistance, weldability and machinability. They contain up to 
6% Mg. Despite high solubility of magnesium in aluminum and the fact that this 
solubility decreases with temperature, there is no hardening associated with precipi- 
tation of the Al 3 Mg 2 phase. The particles of this phase are formed mainly on grain 
boundaries, being incoherent and polycrystalline. The main hardening mechanism 
in these alloys is solid-solution hardening by magnesium retained in the solid 
solution. Usually Al-Mg alloys are used in annealed or strain-hardened states. 
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To improve strength and prevent grain growth upon recrystallization, commercial 
Al-Mg alloys contain small additions of manganese, chromium and titanium. 
The drawback of these alloys is low strength, especially yield strength. The strongest 
Al-Mg alloys exhibit the yield strength only as high as 1 50 MPa in the annealed state 
and up to 420 MPa after severe working [9]. 

To overcome this limitation, a few commercial Al-Mg alloys containing 
scandium and zirconium were developed in 1970s-1980s in Russia [60]. 

The alloying of aluminum with magnesium increases its lattice parameter and 
decreases the dimensional misfit between Al 3 Sc and the matrix to 0.54% in an 
Al-6.5% Mg alloys. As a result, the coherency of Al 3 Sc remains stable to higher 
temperatures (450°C) and on longer exposures (up to 10 hr), assuring a higher 
thermal stability of Al-Mg-Sc alloys. The recrystallization starts in an 
Al-6.5%Mg-0.2% Sc alloy at about 400°C and never finishes up to the liquidus 
temperature. The studies performed [60,70,71] confirmed that fine coherent Al 3 Sc 
precipitates formed during aging of Al-Mg-Sc alloys at 300-350°C increase the 
starting recrystallization temperature by 50-175°C and make the complete 
recrystallization impossible. Additions of zirconium further improve mechanical 
properties and thermal stability of structure and allow a lower concentration of 
scandium. The formed structure makes these alloys naturally superplastic, allowing 
elongation up to 700 % at 450-470°C [72]. 

Several mechanisms of hardening are employed in Al-Mg-Sc alloys: grain 
refinement during casting, precipitation hardening during annealing, and structural 
hardening by preventing dynamic and static recrystallization. In addition, the sol- 
id-solution hardening with magnesium acts in these alloys just in the same manner 
as in Al-Mg alloys. Annealing of ingots before deformation should be performed 
in the temperature range from 250°C to 350°C. In this case, the decomposition 
of a supersaturated solid solution of scandium and zirconium occurs with the for- 
mation of fine spherical coherent precipitates of Al 3 Sc and Al 3 Zr 40-300 nm in size. 
These particles greatly contribute to the strength by precipitation and structural 
hardening. Commercial Al-Mg alloys containing 2-6% Mg and 0. 1-0.6% Sc form 
a 157X series of Russian Alloys. Hot- and cold-worked semifinished products from 
these alloys are used in worked and annealed states for the structures of ships 
and airspace vehicles. All these alloys possess high corrosion resistance, perfect 
weldability, good properties at room and cryogenic temperatures, sufficient strength, 
and natural superplasticity. 

A 1570 alloy contains 5-6% Mg and small additions of Sc, Zr, and Mn [73] and 
is the strongest of the known commercial Al-Mg alloys. The stronger the working, 
the higher the strength. After annealing at 320°C for 1 hr, rolled sheets, forgings 
and extruded shapes from this alloy exhibit the following tensile properties: 
t/TiS = 380-440 MPa; 75 = 250-340 MPa, and El= 16-20%. By comparison, the 
strength of a 1570 alloy is 100 MPa higher than that of commercial Sc-free Al-Mg 
alloys. 

The structure formed in hot rolled and annealed plates from a 1570 alloy 
demonstrates nonrecrystallized grains (1 50 x 50 x 20 /an in size); equiaxed subgrains 
(5 /an in size), Al 6 Mn dispersoids (0.4 /an in size) at grain boundaries, and coherent 
A1 3 Sc and Al 3 Zr precipitates (less than 20 nm in size) inside subgrains [74], These 
structural features are responsible for the properties of commercial products from 
Al-Mg-Sc alloys. 
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However, the acting mechanisms of hardening determine a disadvantage of 
these alloys. The maximum strength is achieved during annealing (aging) prior 
to deformation, which makes the working more difficult and does not permit 
use of intermediate anneals without the loss of strength. 

The commercial Al-Mg-Sc alloys are valuable and indispensable in 
applications where one needs the combination of light weight, sufficient strength 
at room and cryogenic temperatures, excellent corrosion resistance and weldability. 
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1 INTRODUCTION* 

Residual stresses are defined as those stresses which exist in an elastic body when all 
external loads are removed. All residual stress systems are self-equilibrating: that is 
the resultant forces and the moment that they produce are zero. Classically, residual 
stresses have been categorized into three types according to the length scale over 
which they act. “Type I” stresses act over distances measured in millimeters and 
are often referred to as macroscopic. Stresses that act over lengths of microstructure 
(typically 1-100 micrometers) are called “Type II” stresses. This can occur between 
different phases or between embedded particles. And stresses that exist at an atomic 
scale and vary over individual grains are described as “Type III.” Type III stresses 
are equilibrated over a small part of the grain. Types II and III are often collectively 
referred to as microstrain effects while Type I is called macrostrain effect. 

Residual stresses are most commonly associated with metalworking processes 
[2-5], and may be induced during forging, sheet metal forming, welding, heat 
treatment, composites manufacturing, and during most other manufacturing 
processes. Many of the effects of residual stresses are detrimental in nature. For 
example, tensile residual stresses on the outer surface of a component subjected 
to fatigue loading leads to premature failure of products, elastic strain recovery 


* This chapter is an update of an earlier work by U. Chandra [1], The present update is primarily due to 
S. Das. 
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(springback) of sheet metal parts lead to undesired dimensional changes, 
“hot-tearing” in castings increase rejection and scrap, residual stresses in 
metal-matrix composites lead to failure at the interface between the matrix and 
reinforcement, part distortion or dimensional instability associated with welding 
permanently deforms the parent material, and presence of residual stresses may 
accelerate stress-corrosion cracking. Residual stresses have a few beneficial 
applications. For example, shot peening is used to induce compressive residual stress 
on the surface of components to increase their fatigue life. 

Quite often, permanent distortions or deformations in the part accompany 
residual stresses. Distortions in individual components may lead to a lot of difficulty 
during assembly of products. For example, in aerospace and automobile industries 
the final product is assembled from a large number of smaller parts. Even small 
amounts of distortion in each individual member may require additional force 
to be applied during assembly which may lead to severe distortion and residual stress 
in the final product. Thus, distortions in smaller components have the potential of 
generating a domino effect leading to the damage of the final product. 

Distortions and residual stresses are outcomes of manufacturing processes and 
cannot be completely avoided. Proper understanding of the process of stress 
formation, however, can lead to reduction of residual stress through process 
planning, and/or stress relaxation in products through one or more of the many 
methods available. A logical way to control residual stresses and distortions in a 
product consists of the following steps: (1) understanding the fundamental sources 
of their generation; (2) identification of critical parameters associated with the par- 
ticular process which created the residual stresses; (3) understanding the relative 
significance of each one of these parameters; and (4) experimentation with the most 
significant parameters until a suitable combination is obtained which results in 
the desired outcome. If, in spite of the best efforts to control them, the residual 
stress in a product is higher than acceptable, the only recourse left is the use of 
one of the various techniques of stress relief or the inducement of a stress pattern 
more favorable than the original. 

Most manufacturing processes are complex combinations of heat transfer, 
mechanical deformation, and metallurgical changes. Thus, understanding the ori- 
gins of residual stresses require a good understanding of the above three aspects 
and their complex interaction. With the exception of a few idealized cases, analytical 
solution for residual stresses is impossible. Thus, common approaches taken are 
experimental trials on the shop floor, and numerical modeling. Trials on the shop 
floor have been the traditional approach to understanding residual stress and its 
effects. While a few such trials are inadequate for generating enough information, 
extensive experimentation is costly and time consuming. As a result, for practical 
purposes, this approach by itself helps in developing more of a general, qualitative 
understanding rather than a comprehensive and quantitative one. Over the last 
few decades, numerical modeling of manufacturing processes has become very 
popular. Attempts have been made to model many of the well-known manufacturing 
processes. While the finite element method is the most commonly used technique in 
these models, finite difference and control volume methods are also used, especially 
where fluid-flow is involved. The main advantage of computer models is their 
cost-effectiveness. Prior to making even the first prototype, processes can be studied 
in great detail through modeling. The effect of process parameters on desired out- 
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comes can be checked, and the process parameters can even be optimized before 
making the first part. While modeling has a lot of advantages, all computer models 
are approximations of the real-world and their outputs are dependent on the quality 
of approximation and the accuracy of input parameters, such as material properties. 
It is perhaps a judicious approach to use a combination of modeling and experimen- 
tation to study residual stress and distortion. 

The following section discusses some fundamental sources of residual stresses 
and distortions related to the various manufacturing processes reviewed in this 
article. This is followed by a summary of the mathematics which forms the basis 
for the development of appropriate computer software. Then, some commonly used 
techniques of measuring residual stresses, including the hole drilling method and 
the x-ray diffraction method, are summarized. All of these sections are quite general 
in the sense that the discussion is applicable to most engineering materials. In sub- 
sequent sections, residual stresses and distortions associated with different manu- 
facturing processes are discussed. This discussion is limited to the most common 
manufacturing processes used for aluminum processing, namely sheet metal 
forming, casting, welding, heat treatment, and metal matrix composite manu- 
facturing. The control of residual stresses in a few selected manufacturing processes 
is also discussed. Some thoughts about the simulation of commonly used stress relief 
methods are included, as well. 

Historically, processing of steel has received a lot more attention than alumi- 
num processing. As a result, the phenomena of residual stress and distortion in steel 
is better documented and the corresponding data base is quite well established. Simi- 
lar information for aluminum alloys is usually non-existent. While the basic mech- 
anism of residual stress formation and associated part distortion remains the 
same for aluminum, significant differences arise due to difference in material proper- 
ties and metallurgy. For example. Young’s modulus of aluminum is about one-third 
that of steel, coefficient of thermal expansion is almost twice that of steel, thermal 
conductivity is about five times that of steel, and the yield stress of certain aluminum 
alloys could be as low as 25% of that of some steels. All of these factors and many 
others determine the difference in behavior of aluminum as compared to steel. 
In this article, attempts have been made to highlight the effect of all these differences 
on the residual stress and distortion patterns encountered in aluminum products. 


2 FUNDAMENTAL SOURCES OF RESIDUAL STRESSES 

In manufacturing processes, residual stresses are caused by a combination of some or 
all of the following fundamental sources: (1) unequal plastic deformation in different 
portions of the product due to mechanical loads or constraints; (2) unequal plastic 
deformation due to thermal loads; (3) volumetric changes and transformation 
plasticity during solid state phase transformation; and (4) a mismatch in the 
coefficients of thermal expansion. The mechanics related to these sources is 
explained in the remainder of this section. Also, an interesting concept related 
to the effect of material removal (e.g. a casting mold, a forging die or the material 
removed during machining) on the magnitude and distribution of residual stresses 
in the workpiece is discussed. 
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Figure 1 Residual stresses caused by mechanical loads in an assembly of three bars. (From 
Ref. 6.) 


2.1 Mechanical Loads 

In order to understand the generation of residual stresses due to mechanical loads, 
consider the example shown in Fig. 1, adopted from [6]. It consists of an assembly 
of three bars, each 254 mm (10 in.) long with a cross-section of 25.4 mm (1 in.) 
square. The bars are spaced 25.4 mm (1 in.) apart, center to center. The two outer 
bars are made of the same material with an elastic modulus of 206.84 GPa (30,000 
ksi), yield strength of 206.84 MPa (30 ksi), and plastic modulus of 41. 37 GPa (6,000 
ksi). The middle bar has a higher yield strength of 413.7 MPa (60 ksi) but the same 
elastic and plastic modulii as the two outer bars. The upper ends of the three bars 
are fixed and not allowed to move in any degree of freedom; their lower ends 
are tied to a rigid but a weightless block. Also, the assembly carries a load P in 
the center, as shown in the figure. 

Now consider two different loading histories. In the first case, the load P is 
gradually increased from zero to 400.3 kN (90 kips), and then brought back to zero. 
When P is 400.3 kN (90 kips), each bar shares 133.45 kN (30 kips) and the stress 
in none of them exceeds its yield strength. On unloading, the original zero stress 
state in each bar is restored, and no residual stresses are introduced. 

In the second case, P is increased from zero to 533.8 kN (120 kips) and then 
brought back to zero. The entire history of stresses in the three bars is shown in 
Fig. 1(b). When P exceeds 400.3 kN (90 kips), the two outer bars deform plastically 
and due to reduced modulus begin to share less load. The stress in the two outer 
bars follow the path ABCD, whereas that in the middle bar follows the path ABEF. 
It can be seen that when P is again zero (unloading), the stresses in the three bars 
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do not go back to zero. Instead, the middle bar has a residual tensile stress of 78.8 
MPa (11.43 ksi), and each of the two outer bars have residual compressive stress 
of 39.4 MPa (5.71 ksi). Since there is no external load on the assembly, the residual 
stresses in the three bars are in self-equilibrium. A comparison of the two loading 
histories indicates that the presence of unequal plastic deformation in the three bars 
is responsible for the generation of residual stresses. By the same token, mechanical 
residual stresses occur in any component when the distribution of plastic 
deformation in the material is inhomogeneous, such as the surface deformation 
in shot peening operation. 

2.2 Thermal Loads 

A similar three bar model explaining the generation of residual stresses due to 
unequal plastic deformation caused by thermal loads is discussed by Masubuchi 
[7], presumably adopted from [8]. In this model, three carbon-steel bars of equal 
length and cross-sectional area are connected to two rigid blocks at their ends. 
The middle bar is heated to 593°C (1100°F) and then cooled to room temperature 
while the two outer bars are kept at room temperature. Some of the details are 
not clearly explained in [7], but the problem is very similar to the previous example. 
It is obvious that when the temperature in the middle bar is raised, the requirements 
of compatibility and equilibrium require that a compressive stress be generated in the 
middle bar and tensile stresses in the two outer bars; the stress in each of the two 
outer bars being half of that in the middle bar. If the temperature in the middle 
bar is so high that its stress exceeds yield but in the two outer bars the stresses 
are still below yield, residual stresses will occur in the three bars when the tempera- 
ture of the middle bar is brought back to room (i.e. on unloading). Similarly, if 
the stresses in all the three bars exceed yield but by different amount, residual stresses 
will still occur when the temperature of the middle bar is brought back to room. 
Indeed, this case is very similar to that of a cylinder immersed vertically in a 
quenchant where, during the initial stages of quenching, the temperature in the outer 
layer is lower than the inner core. 

2.3 Solid State Transformation 

In quenching, welding and casting processes, while cooling, many metals undergo 
one or more solid state transformations. These transformations are accompanied 
by a release of latent heat, a change in dimension (volume) and a pseudo-plasticity 
effect (transformation plasticity). All of these affect the state of residual stresses 
in the part. The release of latent heat during solid state transformation is similar 
to that released during liquid to solid transformation, albeit of a smaller amount. 
Usually, in most analyses this latent heat release is ignored. The change in volume 
(dimension) however, has a significant effect. 

In aluminum alloys, significant time-dependent dimensional changes can be 
attributed to the metallurgical structure changes from solution, precipitation and 
transformation (metastable to equilibrium precipitate changes) of soluble alloy 
phases. The dimensional change due to phase transformation is dependent on 
the alloy phases present. For example, binary systems like Al-Cu, Al-Si, Al-Mg, 
exhibit the largest changes while those based on ternary systems, such as Al-Cu-Mg 
and Al-Si-Mg, because of the off-setting effects of multiple solutes and formation 
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of different precipitating phases, generally undergo lower dimensional changes 
[9,10]. The reason for this dimension change is that the substitutional solid sol- 
ution-forming elements that are major alloying components of aluminum alloys 
exhibit limited, temperature dependent solubility in the solid state and either expand 
or contract the atomic lattice, depending on their atomic sizes relative to that of the 
solvent aluminum atoms. Figure 2 shows the effect of precipitation on unit linear 



Cu Precipitated, wt. % 






Figure 2 Effect of precipitation on dimensional changes in various aluminum alloys. (From 
Ref. 9.) 
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Figure 3 Co-cured aluminum and composite shaft. (From Ref. 13.) 


dimensional changes for various binary and ternary alloys based on specific volume 
calculations [9,10]. This change in linear dimensions when combined with even very 
low stress can result in residual plastic strains. Two widely accepted mechanisms 
for transformation plasticity are due to Greenwood and Johnson [11], and Magee 
[12]. According to the former, the difference in volume between two coexisting 
phases in the presence of an external load generates microscopic plasticity in the 
weaker phase. This, in turn, leads to macroscopic plastic flow, even if the external 
load is insufficient to cause plasticity on its own. 


2.4 Mismatch of Thermal Expansion Coefficient 

Thermal stresses introduced due to the mismatch of thermal expansion coefficient 
can be easily followed from the following example [13]. Figure 3 shows a composite 
shaft consisting of an aluminum inner shaft and a composite outer shell. These 
are co-cured from a temperature of 120°C down to ambient conditions. Since 
the cure of the composite part of the hybrid shaft initiates at 120°C, the aluminum 
tube expands as the cure temperature rises until 120°C without constraint by the 
composite part. After co-curing the composite part to the aluminum tube, the hybrid 
shaft is cooled down to the room temperature of 20°C. In this particular case, the 
coefficient of thermal expansion of the composite shaft was negligible ( — 0.9 x 
10E-6/C) in comparison to that of the aluminum shaft (23 x 10E-6). As a result, 
tensile stress in the axial direction occurs in the aluminum shaft and compressive 
stress in the axial direction occurs in the composite. This occurrence can be shown 
through simple analysis. The force equilibrium for the two shafts can be written as: 

^da^a T A c a c — 0 

where A represents the cross-sectional area a represents normal stress. The 
subscripts a and c are used for aluminum and composites, respectively. 

The condition of equal axial strain of the two materials is written as follows: 

— +a a AT = — -f-acAT 

Z7 d 77 C 

-C'a 
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where E stands for Young’s Modulus, a stands for coefficient of thermal expansion, 
and AT stands for temperature change. From the two equations, the thermal residual 
stresses in the composite and the aluminum can be written as: 


ffa = — («a - a c )A T 


E c E a A c 
E C A C + E c A a 


and 


ffa = («a - «c)A T 


E c E a A a 
E C A C + E a A a 


respectively. In this particular case, residual stress in aluminum was 58.96 MPa and 
the same in the composite was — 183.29 MPa. 


2.5 Material Removal 

A fact which is often overlooked in discussing residual stresses due to various manu- 
facturing processes is the effect of material removal on the state of stresses in the 
product. Consider, for example, that a casting mold has to be finally broken 
and removed, or that a forging die has to be retracted. Likewise, in making a 
machined part some of the material has to be removed. All of these operations 
change the state of stress in the part. In order to fully understand this concept, 
we consider an example discussed in [6]. 

The example entails an assembly of two concentric springs of slightly different 
lengths, 1\ and l Q , as shown in Fig. 4(a); the subscripts i and o refer to inner and outer 
springs, respectively. The bottom ends of the two springs are fixed. Then, the upper 
ends are tied to a rigid block which is free to move only in the vertical direction. 
The two springs adopt a compromise length, /, which is in between /; and l 0 , as shown 
in Fig. 4(b). As a result, the two springs develop equal and opposite forces; com- 
pressive in the longer inner spring and tensile in the outer shorter spring. The 
assembly of the two springs may be viewed as analogous to the assembly of a cast 
part and its mold, or to the assembly of the forged part and the die, or to a machined 
part before some portion of it is removed. Then, the removal of the outer spring 
becomes analogous to removal of material during machining [6,14], of the casting 
mold [15-18], or of the forging die [19]. We consider two cases. In the first case, 
the stresses in both springs are assumed to be within their elastic limits. When 
the outer spring is removed, the force acting on it is transferred to the inner spring 
in order to satisfy equilibrium and the inner spring returns to its original length. 
In the second case, we assume that the inner spring has undergone a certain amount 
of plastic deformation. When the outer spring is removed the inner spring does 
not return to its original length, /j. In either case, since the two springs and, hence, 
the forces are concentric the residual stress in the inner spring becomes zero when 
the outer spring is removed. 

Although only one of the three examples discussed in [6] is presented here, 
important conclusions drawn from all three examples are quite relevant: (a) when 
the material removal is symmetric with respect to the stress distribution the residual 
stresses in the remainder of the assembly or part are very small or even zero; (b) when 
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Rigid 

block 




(a) 


F 0 in outer spring 
Fj in inner spring 



Figure 4 Residual stresses in an assembly of two springs with unequal initial lengths (a, b). 
(From Ref. 6.) 


the material removal is not symmetric with respect to the stress distribution the 
residual stresses in the remainder of the assembly or part are not necessarily small; 
and (c) material removal may result in an increase in stresses at some locations 
of the assembly or the part. 


3 COMPUTER PREDICTION OF RESIDUAL STRESSES 

In recent years, the finite element method has become the pre-eminent method for 
computer prediction of residual stresses due to various manufacturing processes. 
A transient, nonlinear, thermo-mechanical analysis software is generally employed 
for the purpose. Some of the mathematics which forms the basis of such software 
is common for all manufacturing processes. Such common mathematics is 
summarized in this section. But, since every process is unique, some mathematical 
requirements are, in turn, dependent upon the process. Also, for the simulation 
of certain processes a sequential thermal mechanical analysis is adequate, whereas 
for others a coupled analysis may be preferred or even essential. Such subtleties 
will be pointed out later when individual processes are discussed. 

Ignoring convection, the following conduction heat transfer equation is solved 
with appropriate initial and boundary conditions; 

dT 

V • (kVT) + Q c — pC p — 
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where T is the temperature at an arbitrary location in the workpiece at time t; k is the 
thermal conductivity of the material; Q c is the rate of heat generated per unit volume; 
p is the density; C p is the specific heat and V is the differential operator; all material 
properties are assumed to vary with temperature. The initial and boundary con- 
ditions are process dependent. Details of converting the above equation into its finite 
element form and of numerical solution are available in a number of technical papers 
and textbooks and are not repeated here. 

The transient temperatures computed above are used as loading for the sub- 
sequent transient stress /displacement analysis. The finite element representation 
of the structural equations are generally referred to as the force-displacement 
formulation. Forces (tractions) and displacements are treated as primary variables. 
Stresses on the other hand are secondary variables and are calculated from 
derivatives of displacements and material properties. As a result, displacement data 
across the whole field needs to be calculated before stress results can be found. Like 
in the physical world, in the numerical world as well stresses and displacements 
are closely related and all residual stress calculation is accompanied by distortion 
calculations as well. 

Using the incremental theory, the total strain increment {As} at time t can be 
divided into various components: 

{Ae} = {Ae e } + {Ae'} + {Ae'’} + {Ae cr } + {Ae v } + {Ae"'} 

where superscripts e, t, p, cr, v, and tr refer to elastic, thermal, plastic, creep, volu- 
metric change and transformation plasticity components, respectively. The first 
three strain terms are needed in the simulation of every manufacturing process dis- 
cussed here, whereas the use of other three terms is dependent upon the process 
and will be pointed out as appropriate. Also, mathematical details for the first four 
strain terms are discussed in most standard references, whereas the details for 
the last two terms are discussed often in the context of the simulation of quenching 
and welding processes [11,20], In the finite element approximation these strain 
increments are converted to displacement increments at different points. The term 
Q c in the heat transfer equation accounts for the release of latent heat during liquid 
to solid or solid state phase transformation and the heat of plastic deformation, 
e.g. in forging and other bulk deformation processes. The latter, leads to a coupling 
between the thermal and mechanical analyses. 

At present, no computer software or code is capable of predicting residual 
stresses caused by all manufacturing processes. However, several general purpose 
finite element codes are capable of predicting these stresses to a reasonable degree 
of accuracy for at least some of the manufacturing processes. In addition, some 
codes permit customized enhancements leading to more reliable results for a 
specific process. As will be discussed in subsequent sections, when relatively 
simple geometries are involved, these available codes are capable of predicting 
residual stresses due to casting, forging, and quenching to a reasonable degree 
of accuracy. Similarly, they can predict residual stresses due to welding when 
only a few passes are involved. But, further improvements may be needed when 
the geometry of a workpiece is complex, or when a weld with a number of passes 
is involved. 
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4 MEASUREMENT OF RESIDUAL STRESSES 

It is generally not possible to measure residual stresses in a product during its 
manufacture; instead, they are measured after the manufacturing process is com- 
plete. Smith et al. [21] has divided the residual stress measurement methods into 
two broad categories: mechanical and physical. The mechanical category includes 
the stress relaxation methods of layer removal, cutting, hole drilling and trepanning, 
whereas the physical category includes x-ray diffraction (XRD), neutron diffraction, 
acoustic and magnetic. The layer removal technique as originally proposed by 
Mesnager and Sachs is only applicable to simple geometries such as a cylinder with 
no variation along its axis or circumference, or to a plate with no variation along 
its length or width. Thus, whereas it could be used to measure quench induced 
residual stresses in a cylinder or a plate, it is not suitable for measuring complex 
stress patterns such as those due to welding. The layer removal and cutting 
techniques, however, have been applied to pipe welds in combination with conven- 
tional strain gages and XRD measurements. The general procedure for layer 
removal methods is (a) creation of a new stress state by machining or layer removal; 
(b) detection of the local change in stress by measuring the strain or displacement; 
and (c) calculation of the residual stress as a function of the strain measured using 
the elastic theory (analytical approach or finite element calculations). 

Hole drilling and trepanning techniques can be used in situations where the 
stress variation is non-uniform, but they are generally restricted to stress levels 
of one-third of the material yield strength. Also, the two techniques can be unreliable 
in areas of steep stress gradients, and require extreme care while drilling a hole or 
ring in terms of its alignment as well as the heat and stress generation during drilling 
[22]. For such reasons, and others, these two techniques have found little application 
in the measurement of weld-induced residual stresses. 

Of the methods in the physical category, x-ray diffraction (XRD) is probably 
the most widely used method; the neutron diffraction method is relatively new. These 
two methods measure changes in the lattice of the crystals and from these measure- 
ments the components of strains and stress are computed. The x-ray diffraction 
(XRD) technique has undergone many improvements in recent years. With the 
development of small portable x-ray diffractometers the technique can be used 
for on site measurement of residual stresses. It should be noted, however, that this 
technique is capable of measuring strains in only a shallow layer (approximately 
0.0005 in. thick) at the specimen surface. To measure sub-surface residual stresses 
in a workpiece, thin layers of material are successively removed and XRD measure- 
ments are made at each exposed layer. For reasons discussed in Section 2.5, the 
measurements at an inner layer should be corrected to account for the material 
removed in all the previous layers. Reference [23] gives analytical expressions 
for such corrections in case of simple geometries and stress distributions. For more 
complex cases, it still remains difficult to accurately determine sub-surface residual 
stresses. 

Because of limitations in most measurement methods it is often a good idea to 
combine different techniques of measurement or combine measurement techniques 
with numerical tools to obtain all the necessary information. For example, for qual- 
ity assurance purposes, many times hole drilling and XRD methods are used to 
calibrate other techniques such as ultrasonic and magnetic methods. And the later 
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two methods (which are faster) are used on production line parts. A nice tabulated 
summary that compares all the experimental techniques in available in literature 
[24] and is partially reproduced here as Table 1. This table is very useful for someone 
who is trying to choose the right measurement technique for a specific case. 


5 RESIDUAL STRESSES AND DISTORTIONS DUE TO VARIOUS 
MANUFACTURING PROCESSES 

5.1 Heat Treatment 

Heat treatment to increase the strength of aluminum alloys is a three step process: (a) 
solution heat treatment; (b) quenching; and (c) age hardening. Not all aluminum 
alloys are heat treatable. The 2xxx, 6xxx and 7xxx wrought alloys and 2xx.O, 3xx.O, 
and 7xx.O series casting alloys are heat treatable. Most of the heat treatable alloys 
contain combinations of magnesium with one or more of the elements copper, 
silicon, and zinc. 

Solution heat treatment consists of soaking the alloy at a temperature suf- 
ficiently long enough to achieve a nearly homogenous solid solution. Residual stress 
development and distortion is not generally associated with this stage of the heat 
treatment process. In order to preserve the solid solution formed the alloy is quickly 
cooled (quenched) to a lower temperature to impart the desired metallurgical and 
mechanical properties. The need to be “quickly cooled” varies from alloy to alloy. 
For example, 7075 alloy requires a drastic quench to retain the solute atoms in solid 
solution and is known to be the most sensitive alloy to cooling rate; whereas, alloy 
6063 requires the slowest cooling rate and is the least sensitive alloy [25]. Most 
of the time the cooling rates have to be well controlled so that it fits a certain window. 
Slow cooling rates may lead to formation of undesired phases and very fast cooling 
rates may lead to severe levels of residual stresses and distortions. Effectiveness 
of quenchants is determined through a factor called quench severity factor. It is 
the ratio of the coefficient of heat transfer between the quenchant and the part 
surface, and two times the thermal conductivity of the metallic part. This factor 
controls the cooling rate of the part during quenching. Cold water, the most effective 
quenchent, can be used to achieve cooling rates as high as 200°C/sec (400°F/sec) at 
the midplane of a 25 mm (1 in.) thick aluminum alloy plate [26]. Cooling rates 
can be lowered through the use of hot water, by reducing the velocity of quenchant 
around the part and through the use of polymer quenchants, such as polyalkaline 
glycol. The heat removal characteristic of a quenchant is known to be affected 
by a number of factors including the size, shape and orientation of the workpiece 
(even for simple shapes such as plates and cylinders, the heat removal is different 
at the bottom, top and side surfaces); the use of trays and fixtures to hold the 
workpiece in the quenchant; composition of the quenchant; size of the pool and 
its stirring, etc [27-29]. 

Quenching is the one heat treatment process that is universally associated with 
the formation of residual stress and distortion. It is well known that residual stresses 
are a result of differential thermal expansion and contraction during non-uniform 
cooling of parts and solid state phase transformations. For example, during 
quenching of thick sections when the still warm central section contracts it pulls 
in the cold outer shell. This results in residual stresses throughout the part. 
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Thermally induced residual stress magnitude increases with section size. Phase 
transformation stresses will increase in proportion to the amount of newly 
precipitating phases and the difference between their coefficients of linear expansion 
and the alpha-solid solution. The resulting distribution of residual stresses in 
quenched parts is usually desirable since compressive stresses are located on the 
outer surfaces and tensile stresses are in the interior. This distribution pattern helps 
to deter fatigue failure and stress corrosion cracking. However, machining of 
quenched parts, especially non-symmetrical machining (with respect to the stress 
distribution pattern) may lead to severe distortion. Positioning of parts during 
heating and quenching have significant effect on the ultimate distortion of the part. 
Non-uniform heating and cooling of parts may lead to distortion and higher residual 
stresses. For example, sheet metal parts warp if heating and cooling of the parts are 
not uniform. Thus, extreme care is needed to maintain uniformity of heat transfer 
when parts are loaded in the furnace and subsequently, when they are dipped in 
the quench bath. 

Several techniques are used in industry to correct the above mentioned 
problems. Residual stress levels may be reduced by reducing the cooling rate. Slower 
quenchants like boiling water are used for this purpose. Figure 5 [26] shows the effect 
of slower quenchants on alloy 6151. A second approach is to alter the processing 
sequence so that the part is rough machined close to its final dimensions, and then 
quenched and fine machined. This approach reduces the part thickness and thus 
the level of residual stresses induced in the part. Post-quenching treatments for stress 
distortion reduction is a third approach. Straightening of parts after distortion is an 
expensive but sometimes necessary means to control distortion. Press straightening, 
roll straightening and straightening through stretching are some of the well known 
methods used in practice [27]. While mechanical stretching can reduce residual 
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Figure 5 Effect on quenching rate (from 540°C) on residual stresses in solid cylinders of 
6151 alloy. (From Ref. 26.) 
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stresses along with distortions, other techniques like precipitation heat treatment 
and uphill quench are also used. The degree of relaxation through precipitation heat 
treatment is dependent on the time, temperature of treatment and the alloy com- 
position [30]. Up-hill quench is exactly opposite to the quenching process itself. 
In this approach the temperature of the part is lowered to a sub-zero temperature 
( — 195°C) and then rapidly heated through a blast of steam [26]. It has been recorded 
that stress reduction as high as 83% has been achieved through this technique [26]. 

In the past, using trial-and-error, shop floor personnel have come up with some 
interesting strategies to control the residual stresses (and warpage), e.g. air delay or 
an intentional delay while transporting the workpiece from the heating furnace 
to the quenchant, and time quenching or performing the quenching operation in 
two steps. In the first step, the part is quenched in a medium such as salt bath until 
the part has cooled below the nose of time-temperature transformation curve, 
followed by quenching in second medium such as air to slow the cooling rate. 
Obviously, perfecting the quenching operation by trial-and-error can be an 
extremely time consuming task. 

At first glance, computer simulation of the quenching process may appear to be 
simple. It involves an uncoupled transient nonlinear small deformation 
thermo-mechanical analysis as outlined in Section 3, with due consideration to solid 
state transformation effects [10,31]. Some researchers have also included the creep 
effect. However, the major difficulty lies in a lack of knowledge of the heat removal 
characteristic of various quenchants, which is mathematically represented as the 
convective heat transfer coefficient at the outer boundary of the workpiece. This 
difficulty has been overcome by one of two approaches. Through the solution of 
inverse problems researchers were able to calculate the convective heat transfer 
coefficient at different locations on the part by tracking the temperature history 
in the part interior during quenching [32,33]. A second and less accurate method 
is to approximate the part surface heat transfer coefficient through the use of 
relationships that are available for different common surface configurations such 
as vertical and horizontal flat plate, etc [34]. Other difficulties arise due to the lack 
of thermophysical and mechanical properties of the workpiece material at elevated 
temperatures. Still, at least in the U.S., major aircraft engines manufacturers 
and their forging vendors have been using computer simulation to control quench 
related cracking and residual stresses for some time. One such example involving 
a turbine disk is discussed in Ref. [35], The reported work was performed without 
the benefit of a sophisticated simulation software which accounts for solid state 
transformation effects. For proprietary reasons, few such cases are published in 
the open literature. 


Case Study: Quenching of an Aluminum Impeller 

This is a summary of a case study reported in [35]. Figure 6 shows the picture of an 
aluminum impeller used in turbomachinery. After forging the impellers were heated 
to 530°C and quenched in boiling water. The material used for this product was 
A1 2618 (Al, Cu 2-2.6%, Mg 1.2-1. 8%, Ni 0.9-1.4%, Fe 0.9-1.4%, Si 0.2%, Ti 0.1%). 
Figure 7 shows typical distortion pattern that arise during quenching. The procedure 
followed in the analysis of this process is described below. 
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Figure 7 Typical distortion pattern in impeller due to quenching. (From Ref. 35.) 


Using thermocouples in test parts cooling curves for quenching in boiling water 
were developed at different locations in the part. Since this alloy does not undergo 
significant dimensional change due to phase transformation during quenching it 
was assumed that only macro-residual stresses were induced. Figure 2 [9] confirms 
that the length change is really negligible in ternary alloys like this. Although 
the geometry of the problem was not fully axisymmetric (due to the existence of 
the fins) it was assumed to be axisymmetric for two reasons: for large number 
of fins and their regular distributions, actual distortion pattern was observed to 
be axisymmetric; and the more critical areas during later operation were near 
the central bore which was more-or-less an axisymmetric region. FEM codes 
ADINAT and ADINA were used for thermal and residual stress calculations, 
respectively. Temperature dependent thermal and structural properties were used. 
For the transient thermal analysis, all nodes in the axisymmetric model were 
assumed to be at the initial temperature of 530°C. After many trials, it was deter - 
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Figure 8 Calculated temperature distribution 15 and 30 sec after immersion. (From Ref. 
35.) 

mined that standard values for a downward facing flat surface may be used to 
approximate the surface heat transfer coefficient. To reach this conclusion the 
measured cooling curves were compared with simulated curves from thermal analy- 
ses with different surface heat transfer coefficient distributions. Figure 8 shows tem- 
perature contours 15 and 30 sec after immersion. For residual stress calculations, an 
elastic-plastic analysis was performed using the infinitesimal plasticity theory. Creep 
effects were ignored. Figure 9 shows the tangential residual stress distribution. Stress 
values were experimentally determined by making cuts around strain gages fixed at 
different locations in the part. Figure 10 shows comparisons of calculated and 
measured residual stresses at different locations in the bore. Figure 1 1 shows a simi- 
lar comparison for different locations on the upper and the lower surfaces. 

From this effort some conclusions could be drawn. Results obtained with 
“reasonable” data show that computational techniques can produce results that 
are in good agreement with reality. Flowever, the output is only as good as the input 
data. For example, for thermal analysis accurate representation of convective heat 
transfer coefficient is very important. This is also the parameter that is very difficult 
to measure accurately. Many processing factors influence this and the best way 
to determine this is to use the solution of inverse problems [32,33]. For stress cal- 
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Figure 9 Calculated tangential residual stress distribution (in N/mm 2 ). (From Ref. 35.) 





Figure 10 Calculated and measured residual stresses in the bore. (From Ref. 35.) 
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Figure 11 Calculated and measured residual stresses in the upper and lower surfaces. 
(From Ref. 35.) 


culations the most difficult data to obtain is the flow stress and work hardening rate 
at different temperatures. For A1 2618, the material is in a stable state above 400°C 
and below 150°C. In between these temperatures it is in a transient state and 
the above mentioned property curves had to be approximated. 


5.2 Welding 

Most welding processes can be characterized as heating from a moving heat source 
that results in melting of the base metal, and subsequent solidification of base metal 
and added filler material. Most of the heat supplied by the arc to the base material 
is conducted away by the base material resulting in uneven expansion and con- 
traction in area surrounding the weld. This non-uniform expansion and contraction 
and the accompanying plastic deformation are the primary sources of residual 
stresses and distortions in welded joints. During the cooling process, solid state phase 
transformations occur in the fusion and heat affected zones. Solid state phase 
transformations are quite often accompanied by volume change and transformation 
plasticity and these contribute to the final residual stress magnitude as well. The 
residual stress distribution in welded joints depends upon a number of process 
and design parameters such as the heat input, speed of the welding arc, material 
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properties, preheat, thickness of the welded part, groove geometry, and weld 
schedule. The following general statements about welding residual stresses are true 
irrespective of material, welding process, and design detail [36]. 

(a) High multi-axial residual stresses occur in the fusion and heat affected 
zones of the welded joint. 

(b) The maximum residual stresses generally reach the yield limit or even 
higher (if strain hardening is present). However, lower values are possible 
if transformation stresses are present. 

(c) The residual stresses may vary significantly from point to point in the 
fusion one and the heat affected zone. 

(d) Residual stress distribution may also vary significantly from part surface 
to the interior. 

(e) Substrate geometry can significantly affect residual stress distribution; e.g. 
stress patterns in flat plates are quite different from those in pipe welds 
[37,38], 

(f) Considerable differences exist between the stress patterns from single- and 
multi-pass welds [39,40], 

Distortions in welded joints are a result of the residual stresses induced and in general 
can be categorized into the following types [36]: (a) In-plane distortion, e.g. longi- 
tudinal or transverse shrinkage of the welded plate; (b) Distortion perpendicular 
to the plane of the welded component, e.g. plane or axisymmetrical angular shrink- 
age of welded plates; (c) Bending distortion; and (d) Twisting distortion. In the 
assembly of large structures, distortion in welded subassemblies can cause serious 
mismatch in final assembly, and force fit of mismatched sections introduces more 
difficulties. Many of these problems can be minimized by adjusting dimensions, 
welding procedures, and welding sequences to anticipate the direction and 
magnitude of possible distortion. 

Distortion control is possible through the control of several parameters. In 
general these parameters fall within two broad categories: design related variables 
and process related variables. Important control strategies that depend on design 
practices include choosing plates with appropriate thickness, reducing stiffener 
spacing, using a bevel T-stiffener web, optimizing assembly sequencing, properly 
applying jigs and fixtures, etc. Strategies that involve control of welding parameters 
include reducing fillet welds, using high speed welding, using a low heat input pro- 
cess, using intermittent welds, and balancing heat about the plate’s neutral axis 
in butt joint welding. 

Even though welding processes for aluminum have made significant progress 
[41-44], there is a perception in industry that aluminum is difficult to weld relative 
to steel. For example, airplane structures (where alloys A1 2024 and 7075 are used 
extensively) use thousands of riveted joints but hardly any welded joint at all. Eighty 
to ninety percent of metals welded are steels whereas, aluminum only comprises a 
majority of the remaining 10-20%. Specifically, aluminum and steel differ in their 
response because (1) the welding process is affected by their different physical 
and chemical properties; and (2) the welded properties are influenced by their 
metallurgical differences. Most of the residual stress and distortion work related 
to welding focuses on steels. Although the main principles of stress formation 
remains the same for aluminum there are subtle differences due to the fact that 
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Figure 12 Typical longitudinal residual stresses in mild steel and aluminum due to welding. 
(From Ref. 36.) 


material properties of aluminum alloys are significantly different from those of steel. 
Figure 12 shows a comparison of weld-longitudinal stress profile for mild steel and 
aluminum alloy [36] and the following discussion summarizes the effect of material 
property differences [36]. 

As far as residual stress and distortion is concerned, the thermophysical 
properties of aluminum alloys have a significant impact on the final results. Table 
2 shows a list of relevant thermophysical properties for several alloys. These data 
will be used for a comparative assessment of aluminum and steels. Temperature 
dependency is ignored for this assessment. Increase in melting temperature increases 
residual stress and distortion. As far as the influence of melting temperature goes, 
aluminum is more suitable for welding than steels. Thermal diffusivity (the ratio 
of conductivity to the product of density and specific heat) affects residual stress 
and distortion positively. This means small thermal conductivity and large density 
and specific heat will be ideal. Considering only thermal diffusivity aluminum is 
less suitable for welding than the steel alloys. 

Increase in the coefficient of thermal expansion increases residual stresses and 
distortions and vice versa. The actual influence of this property is somewhat 
curtailed by the phase transformation effects. Since the thermal expansion coefficient 
of aluminum is almost twice as that of steels, aluminum is significantly less suitable 
for welding than steel. Elastic modulus influences residual stresses positively and 
deformations negatively, i.e. increase in elastic modulus increases residual stresses 
and decreases deformation. As a result, aluminum will have lower stresses but higher 
deformations. Influence of yield strength is quite similar to that of elastic modulus, 
i.e. its increase will increase residual stress but will decrease distortion. Thus, alumi- 
num alloys would be lower in residual stresses and higher in deformation than steels. 

The above mentioned property influences on welding residual stress and dis- 
tortion can all be summarized in the form of two non-dimensional numbers called 
welding suitability indices for residual stress and distortion [36]. They are written 
as follows: 
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where T m is the melting point, a is thermal diffusivity, a is thermal expansion 
coefficient, E is modulus of elasticity, a y is the yield stress, and K\ c is the 
fracture toughness for mode / cracking. The properties with asterisk are for 
the reference material (low-alloy steel). Table 2 lists these factor values for 
aluminum. It is clear from the data that aluminum alloys on average appear 
less suitable (than steel) for welding as far as residual stress and distortion 
is concerned. 

Welding engineers have long used trial-and-error to obtain a suitable combi- 
nation of these parameters in order to control the residual stresses. The role of com- 
puter simulation in the prediction of residual stresses in weldments is the subject of a 
recent review [16]. Major elements of computer simulation of the process are: (a) 
mathematical representation of the heat input from the welding source; (b) a tran- 
sient thermal analysis; and (c) a transient stress /displacement analysis; the flow 
of molten metal and thermal convection in the weld pool are generally ignored. 
Following Rosenthal [45], a semi-steady state approach is often used, although some 
attempts at full three-dimensional analysis have also been made. As mentioned 
earlier, it is now possible to account for volumetric change and transformation 
plasticity effects [10,11], Due to the short time periods involved, creep is usually 
ignored. In the case of a single pass weld or a weld with few passes (e.g. 4 or 
5), it is now possible to predict residual stresses with reasonable accuracy [39]. But, 
as the number of passes increases (e.g. 20 or 30), it becomes computationally 
intractable to model each pass [40]. The scheme of lumping several passes into 
one layer has been employed with some success [40]. In addition to excessive com- 
putation time, other major difficulties with the simulation of a multi-pass weld are: 
(a) the numerical errors tend to accumulate with each pass; and (b) the changes 
in metallurgical and mechanical properties of material in previously deposited layers 
during deposition of a subsequent layer are difficult to quantify and to account for in 
the finite element analysis. The technique of lumping several layers together 
aggravates these problems. 

A very interesting effort related to in-process control and reduction of 
residual stresses and distortions in weldments is being pursued by Masubuchi 
and co-workers at M.I.T. [46,47]. The effort aims at moving beyond mere analysis 
of residual stresses and distortions to aggressively controlling and reducing them. 
To accomplish this objective, the effort is subdivided into the development of 
the following three primary capabilities: (1) prediction; (2) sensing; and (3) control. 
For prediction purposes, a series of computer programs have been developed, 
including simple but fast one-dimensional programs which analyze only the most 
important stress component, i.e. the one parallel to the weld line. Sensing capa- 
bility refers to a set of devices including, (a) a laser interferometer to measure 
minute amount of distortions; (b) a laser vision system to measure large amount 
of distortions; and (c) a mechanical system to measure radii of curvature. Finally, 
to control the residual stresses, various techniques including changes in heating 
pattern and application of additional forces have been attempted. References 
[45,48] provide further examples of the application of this methodology in 
reduction of residual stresses in weldments in high-strength steels and girth-welded 
pipes. 
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Figure 13 Stiffened aluminum panel for residual stress characterization. (From Ref. 42.) 


Case Study: Welding Distortion of a Thin-Plate Panel Structure 

In this work [42] the effect of process parameters, weld schedule, and joint design 
were studied for thin-walled aluminum panel structures. Both numerical and 
experimental techniques were used in this study. Several types of distortions like 
buckling, bending and warping were examined in this work. For the purpose of 
brevity, only a part of the work will be described here. 

To examine the angular bending phenomenon numerical analysis and 
experimental investigation was conducted on an A1-5454-H34 T-joint specimen. Fig- 
ure 13 shows a picture of the set-up. The gas metal are welding process was used with 
A5556 welding wire (1.6 mm diameter). The welding conditions were 200-220 A, 24 
V, 53.3 cm/min welding speed. The right hand joint was welding first and after com- 
plete cooling to the room temperature the left hand joint was welded. Figure 14 
shows a comparison of the experimental and numerical results for the final bending 
of the plate. 

Figure 15 shows a set-up used to study the effect of weld sequence on the final 
distorted shape of the panel. Figure 16 shows the four different weld sequences that 
were used in this study. Number 1 deposits welds from inner panels outward. 
No. 2 lays welds from outer panels inward, and No. 3 and No. 4 are similar to Nos. 
1 and 2 respectively with some added requirements. Sequence 3 searches for the 
joint with highest restraint to deposit the next weld as the assembly process 
progresses and No. 4 lays the next weld at the least restrained joint. Figure 17 com- 
pares the distortion of the panels at four different cross-sections from the four 
welding sequences. The global distortion of the panel in all cases show a downward 
movement and tilting toward the unsupported corner due to structural weight. 
The panel warps about the middle longitudinal stiffener. Sequences 2 and 4 result 
in greater angular bending curvatures than the other two sequences. The angular 
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Figure 14 Angular distortion on the back side of T-flange: simulated and measured. (Front 
Ref. 42.) 



Figure 15 Aluminum panel for study of welding sequence effect on distortion. (From Ref. 
42.) 


distortions of the skin plate from sequences 1 and 3 are similar in magnitude and 
shape. It appears that the sequence that follows the most restrained joint for dep- 
ositing the next weld during assembly results in smaller angular distortion in the 
skin plate. Of the four sequences, sequence No. 3 is the best in terms of minimizing 
distortion. 
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Figure 16 Welding sequences for angular distortion of aluminum panel structure. 
(A) Welding sequence 1, (B) welding sequence 2, (C) welding sequence 3, and (D) welding 
sequence 4. 


5.3 Sheet Forming Processes 

Sheet metal forming processes are used extensively in the automotive industry and 
the aerospace industry for making body panels. They can be divided into two main 
categories; (a) those requiring only local deformation such as piercing, blanking, 
v-bending, air-bending, etc; and (b) those requiring deformation spread over exten- 
sive area of the sheet such as, drawing, pure stretching, reverse drawing, etc. In 
addition, a third category, stamping refers to shallow parts that are blanked out 
of sheet metal with only minor forming operations done on them. 

Technical data on forming from steel sheets is quite well established. Similar 
information about aluminum is not easily available. However, most of the tech- 
nology for forming of steel can be altered and used with aluminum if careful atten- 
tion is paid to the effect of property differences of the two materials. For 
example, when using aluminum deep drawn parts, essentially higher component 
tolerances must be taken into account because of lower E-modulus of aluminum 
alloys. Coefficient of thermal expansion of aluminum is almost twice as high as that 
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Figure 17 Distortion displacements at four cross-sections of the panel from four 
welding sequences. (A) At x = 40.6 cm, ( B ) at x = 81.3 cm, (C) at y = 23.6 cm, and 
(D) at y = 76.2 cm. (From Ref. 42.) 


of steel. As a result, joints between separate sheet-metal parts have to be designed 
appropriately to account for higher expansion and contraction. Reference [49] shows 
that not accounting properly for thermal expansion lead to problems during the 
assembly of roof mountings and engine hood assembly for Porsches. 

Distortion, more than residual stress, is a critical parameter for product effec- 
tiveness in sheet forming of aluminum. Several types of distortion defects are 
common. The most important ones are wrinkling, springback, earing and warping. 
Wrinkling is a form of buckling that occurs due to lack of sufficient hold-down forces 
and is common in many drawing processes. Wrinkling in flanges occur in partially 
drawn products when the blakholder forces are not large enough. Improper 
clearances between punch and die can cause wrinkling in the drawn part. Clearances 
between punch and die are typically equal to the metal thickness plus about 10% per 
side for drawing aluminum alloys of low or intermediate strength. An additional 
5-10% clearance may be needed for higher strength alloys and harder tempers [26]. 
Excessive clearance may result in wrinkling of the sidewalls of the drawn shell. 
Insufficient clearance burnishes the sidewalls and increases the force required for 
drawing. 
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Springback or partial return to the original shape upon removal of the bending 
forces, occurs in most bending operations and is the most common form of distortion 
observed in sheet-metal forming. Spring-back may be corrected by overbending, by 
bottoming or setting. Bottoming or setting is accomplished by striking the metal 
severely at the area containing the radius so as to obtain localized flow. Bottoming 
is sometimes accomplished by placing a bead on the apex of the punch so as to 
concentrate the plastic deformation at the bead. 

Springback correction by overbending (the most commonly used method) 
complicates tool design in that the die must be designed to ensure the correct degree 
of over-bending. In order to do that one needs to have an accurate estimate of 
the amount of spring-back a-priori. The amount of springback depends on the yield 
strength and thickness of the materials and on the bend radius. Springback 
allowance, or degree of overbending required increases with increasing yield strength 
and bend radius, but it varies inversely with stock thickness. Table 3 lists 
overbending required for 2024-0, 7075-0, and 2024-T3 alloys [26], The yield 
strength of the first two alloys is a minimum of 76 MPa and that of 2024-T3 is 
345 MPa. The effects of yield strength, bend radius and stock thickness is clear from 
the data. 

Along with other factors, the degree of anisotropy introduced due to rolling or 
crystallographic textures affect springback [50] as well. Figure 18 shows the effect of 
bend angle on the degree of spring back for an Al-Li alloy at three different 
orientations with the rolling direction [50]. Actual degree of springback is known 
to fluctuate with faults of fabrication in the rolling mills. If one considers the 


Table 3 Springback Allowances for 90 Degree Bends [26]. 

Spring back allowance, in degrees for bend radius (mm) of: 


Sheet Thickness (mm) 

2.4 

3.2 

4.8 

6.4 

7.9 

9.5 

11.1 

12.7 

2024-0 and 7075-0 
0.51 

3 

4 

5.5 

7.5 

8.5 

9 

9.5 

12 

0.64 

2.75 

3.75 

5.5 

6.5 

8 

8.25 

8.75 

10.75 

0.81 

2.25 

3 

4.75 

6 

6.75 

7 

7.5 

9.5 

1.02 

2 

3 

4 

5 

6 

6.25 

6.75 

8.75 

1.29 

2 

2.5 

3.5 

4 

5 

5.25 

5.75 

7.5 

1.63 

1.5 

2 

2.75 

3.75 

4.5 

5 

5.5 

6.75 

2.06 

1 

1.5 

2 

2.5 

3.25 

3.5 

4 

4.75 

2.39 

N/A 

N/A 

1.75 

2.5 

3 

3.25 

3.75 

4.5 

3.18 

N/A 

N/A 

1.5 

2 

2.25 

2.75 

3 

3.75 

2024-T3 

0.51 

10 

12 

15.5 

19 

22.5 

24 

27.25 

33.5 

0.64 

8.75 

10.5 

14 

16.75 

17.75 

21 

23 

28.5 

0.81 

7.75 

8.75 

12 

14.5 

16.75 

17.75 

19.25 

24 

1.02 

7.25 

8.25 

10.75 

12.75 

14.5 

15.25 

17 

20.5 

1.29 

N/A 

N/A 

9 

10.5 

12.25 

13 

14.5 

16.75 

1.63 

N/A 

N/A 

8 

9.75 

11.25 

12 

12.75 

15 

2.06 

N/A 

N/A 

N/A 

N/A 

9.5 

10.5 

11.25 

13 

2.39 

N/A 

N/A 

N/A 

N/A 

8.75 

9.75 

10.5 

12 
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Bend angle (0) 


Figure 18 Effect of bend angle on calculated springback for recrystalized 8090 alloy (A) 
testing at 0, 45 and 90 degrees from rolling direction of sheet. (From Ref. 50.) 


Steel 



Springback (<?) 


Figure 19 Influence of Young’s Modulus and yield strength on springback. (From Ref. 49.) 


spring-back after an idealized bending process in which the strain hardening, internal 
stress ratios and sheet thickness are ignored (Fig. 19), then it is found that for the 
same absolute faults of fabrication at the rolling mills the spring-back fluctuations 
for steel sheet, amounts to only one-third of the aluminum value [49]. This indicates 
that for rolling aluminum alloys the semifabricator needs to reduce fluctuations 
in the fabrication process. The designer on the other hand needs to be aware of 
the effects on tolerances that these fluctuations will have. 

Springback in bending processes has been well studied. Nadai [51] studied 
bending of a beam from elementary theory and Hill [52] completed a general theory 
and solution for bending under plane strain. Although the analytical expression 
for spring-back is well established for simple sheet metal bending operation [53], 
for complicated shapes elastic-plastic finite element analysis has to be used to deter- 
mine spring-back [50,54-60], In recent years, many researchers have used the finite 
element method to study springback during the sheet metal forming process. It 
is important to note, however, spring-back is an elastic recovery process, and it can- 
not be calculated using an ideal plastic material model [55]. An elastic-plastic or 
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elastic-viscoplastic model is necessary [55]. Metal forming operations involve large 
deformations occurring over a small time period. In order to capture all the events 
in a numerical model one has to use very small time steps. As a result implicit codes 
(which are in general slower than explicit codes) take an enormous amount of time 
to solve these problems. Analysts have had more success with explicit codes in 
solving metal forming problems. Table 4 shows a comparison of some of the com- 
mercial forming simulation codes used in industry [61]. 

Another distortion problem that is commonly encountered is called earing. 
This is encountered mostly in deep-drawing processes. As a result of earing the 
top edges of drawn cups are not completely even. The edges along the perimeter 
of the cup are wavy, consisting of crests and valleys. These projections are called 
ears. Four ears are quite common, but occasionally two, six or even eight may 
be found. Earing is due to planar anisotropy and correlates well with the angular 
position of the coefficient of anisotropy (r-value). At angular positions of low r 
values, more thickening occurs, so that the wall heights are lower. At positions 
of high r, the walls are thinner and higher. 

Warping is caused by nonuniformity of stress distribution in the drawing of 
rectangular or irregular shapes. This effect increases with increased size of the part. 
Changes can sometimes be made in dimensional details of the drawing tools to elim- 
inate these defects without the need for extra forming operations. 


Case Study: Use of Active Binder Force Control in Springback Reduction 

In this example [57], the authors used numerical and experimental techniques to: (a) 
determine the effects of restraining force (binder force) on the springback phenom- 
ena in a stamping operation of aluminum sheets; (b) develop a strategy to control 
the binder force during the forming operation so that a robust repeatable stretch 
history could be achieved; and (c) implement the above strategy. The material chosen 
for experimentation and simulation was A1 2008 blanks, 210 mm long, 46 mm wide, 
and 1.06 mm thick and it was assumed to be isotropic elastic-plastic and Von Mises’ 
yield criterion and isotropic hardening were used to determine deformation. 

A FE model of the sheet and the tooling was developed and the simulation was 
performed using ABAQUS [62]. Figure 20 shows the FE model. Using constant 
binder forces analyses were performed for different binder forces and Fig. 21 shows 
a comparison of the springback results. It is clear that the degree of springback 
decreases with the increase in binder force. Actual forming experiments were carried 
out and the degree of springback measured for different binder forces. Figure 22 
shows comparisons of experimental and numerical data. 

Since it was clear that the degree of springback decreases with the increase in 
binder forces, the effects of variable binder force on springback were specially 
studied. This time the load on the binder was very low at the beginning. This allows 
the draw-in process and minimizes the maximum final strain in comparison to con- 
stant high binder force situations. After the part is partially formed under low binder 
force conditions, a simultaneous stretch is applied by increasing the binder force in 
order to produce plastic stretch. Figures 23(a) and 23(b) show the variable binder 
force and the corresponding springback values respectively. Different variable 
binder force distributions were tried and the best results were obtained if the force 
was increased from 4 kN to 32 kN when the punch stroke was at about 65% of 
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Figure 22 Springback data comparison for constant force case: simulation and 
experimental results. (From Ref. 57.) 


the total stroke. This provides the smallest spring back (1.14 degrees versus 1.336 
degrees for the constant force of 32 kN), and dramatically decreases the maximum 
strain incurred by the sheet (maximum principle of 0.087 vs 0.125 for the constant 
force of 32 kN). 


5.4 Casting 

Similar to products made by other manufacturing processes, castings are also prone 
to residual stresses and distortions. But, very little of this subject has been discussed 
in the literature. Foundries are reluctant to acknowledge the presence of such prob- 
lems with their products or to share their in-house recipe to minimize them. A review 
of the transactions of the American Foundrymen’s Society, most early textbooks on 
casting, and the ASM Flandbook on Casting [63]; see below for reference numbers] 
provides little insight on the subject. In a recent book, Campbell [64] has presented 
a summary of the experimental study on residual stresses in simple shapes conducted 
by Dodd in 1950 [65]. The conclusions of these experiments could have been more 
economically and easily arrived at by using the basic concepts fully discussed in 
Ref. [4], and summarized earlier in Section 2 of this chapter. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 





338 


Das and Chandra 


30000 h 


g 20000 K 


I 10000 


desired YBF 
actual VBF 


(a) 


& 10 is 

Punch Displacement (mm) 


SO 



Figure 23 (a) Variable binder force and (b) corresponding spring back data. (From 

Ref. 57.) 


Earlier attempts at mathematical prediction of residual stresses and distortions 
in castings were too simplistic and of little practical merit [66,67]. Due to the inherent 
complexity of the casting process, its finite element based computer simulation is 
now generally favored [68-73]. As discussed by Chandra [4,16], computer prediction 
of residual stresses and distortions in castings requires a coupled, transient, 
nonlinear thermo-mechanical analysis software with further ability to account 
for the following: (1) latent heat release during liquid to solid transformation; 
(2) transfer of heat and forces at the mold-metal interface; (3) constitutive model 
for the cast metal in the liquid, mushy and solid state including creep at elevated 
temperatures; (4) constitutive model for the mold (e.g. sand, metal or ceramic); 
(5) solid state transformation; (6) enclosure radiation at the mold surface to model 
the investment casting process; (7) mold withdrawal to model directional sol- 
idification; and (8) mold (material) removal. 

Computer simulation of simple sand mold castings by Chandra and co-workers 
indicates that [17,18]: (1) for an accurate prediction of transient and residual stresses, 
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it is important to consider creep at elevated temperature (just below the solidus); 
creep is also found to make the stress distribution more uniform; (2) just prior 
to mold removal, the stresses in the casting can be extremely high, but after the 
mold removal they become small (owing to the springback discussed earlier), except 
in the area of stress concentration; and (3) a small variation in mold rigidity does not 
have any noticeable effect on residual stresses. The residual stresses after the mold 
removal will not necessarily be small if the casting is complex and the mold-removal 
is asymmetric with respect to the stress distribution. The conclusion regarding the 
effect of mold rigidity is in agreement with Dodd’s aforementioned experiments with 
greensand molds with variable water content [65]. 

The application of finite element based computer simulation methodology to 
predict residual stresses and distortions in castings is still in the evolution stage. 
But, it is now possible to study the effect of the various process and design par- 
ameters on the residual stresses and distortions in complex castings, e.g. superheat, 
mold stiffness and design, design of gating and risers, and the design of the part 
itself. Also, residual stresses due to different casting practices such as sand mold, 
permanent mold, investment casting, etc, can be determined. As the manufacturers 
and end users of cast products become more aware of the status and benefits of 
the computer simulation methodology, it can be expected to play a very important 
role in controlling residual stresses and distortions in complex industrial castings. 
The biggest limiting factor in the use of simulation is the lack of thermophysical 
and mechanical properties data for the cast metal and the mold materials. 


5.5 Metal-Matrix Composites (MMC) 

Aluminum is a commonly used material in metal-matrix composites. Al/SiC, 
Al/Graphite, Al/Boron, AI/AFO3 are all well known aluminum matrix composite 
systems. These composite materials are used to make products such as automotive 
disk brake rotors, pistons, upper control arms, etc. Residual stresses are inherent 
in metal-matrix (as well as organic-matrix and ceramic) composites. Stresses that 
are the result of differences in thermal expansion coefficients are frequently 
dominant. Sometimes, phase transformations (during quenching, welding, etc) 
can result in additional micro-residual stresses as well. In addition, small amounts 
of plastic deformation can significantly alter the residual stress state produced during 
fabrication. The magnitude and the nature of the residual stresses significantly affect 
the mechanical properties of metal-matrix composites. For example, tensile residual 
stresses present within the MMCs before the application of external load, may 
initiate some of the early damages [74]. 

Many traditional manufacturing processes like casting, extrusion, powder con- 
solidation and some non-traditional processes like semi-solid forming, squeeze 
casting and diffusion bonding, etc, are used in manufacturing composites. Processing 
temperatures on metal-matrix composites are usually several hundred degrees above 
ambient. Cooling, thus results in thermal residual stresses due to large temperature 
gradients within the part and due to mismatch of thermal expansion coefficients 
between the matrix and the fibers. While the temperature gradients can be reduced 
by slow cooling, the expansion coefficient mis-match cannot be avoided. For 
example, the thermal expansion coefficient for aluminum (matrix) is 25 x 10E(-6)/K 
and that of SiC (reinforcement) is 4 x 10E(-6)/K. Thus, on cooling, the larger con- 
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traction of the matrix in comparison to the reinforcement leads to tensile stresses in 
the matrix and compressive stresses in the reinforcement. In continuous fiber or 
aligned whisker composites, the anisotropic shape of the reinforcement induces 
larger axial than transverse residual stresses. Studies about residual stresses in many 
metal-matrix systems can be found in literature, for example: Al/SiC [75], 
Al/Graphite [76,77], Al/B [78], Al/AFCh [79]. Also, all aspects of metal matrix 
composites, including residual stresses, are discussed extensively in [80]. 

In designing metal-matrix composites, it is usually not possible to exploit the 
strength of the reinforcement without incurring some plastic deformation in the 
matrix. During mechanical deformation, the presence of hard reinforcement 
particles promotes heterogeneous plastic deformation in the matrix. This results 
in residual stresses after the load has been removed. Alternatively, plastic 
deformation from thermal cycling can reduce residual stresses present at room 
temperature. For example, cooling to cryogenic temperatures produces plastic flow 
in the matrix of an Al/graphite composite. On returning to room temperature, 
the original residual stress are reduced by 30% [80]. These effects are more pro- 
nounced in Al/B composite. Sometimes the plastic deformation on cooling can 
be great enough for the initial matrix tensile stress to become compressive at suf- 
ficiently low temperatures [80], In practice, separating the origin of residual stresses 
is quite difficult and studies of plastic deformation must be accompanied by numeri- 
cal calculations. 

The numerical methods used (primarily, FEM) most often are based on the 
classical continuum mechanics with the mis-match of properties accounted for. Unit 
cell models are very commonly used in composite analyses, especially for two 
dimensional approximations of continuous fiber composites. Figure 24 shows 
examples of some of the unit cells used in practice [80] to determine the influence 
of reinforcement cross-section shape on the residual stress itself. The unit cell 
approach works quite well for continuous fiber composites. It is expected though 
that with the increase of computing power it will soon be possible to realistically 
compute three-dimensional distributions for problems that require three-dimen- 
sional analyses. 




Figure 24 FE mesh for (a) cylindrical, (b) ellipsoidal, and (c) conical reinforcements. (From 
Ref. 57.) 
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Case Study: Residual Stresses in Cast SiC/AI Composites 

Thermal residual stresses developed during casting of Al/SiC composites were 
studied as a function of cooling rate and volume fraction of fibers [74]. 
Thermo-elastoplastic FEM analysis was used for the study. Phase change of the 
matrix and temperature dependency of material properties were accounted for. Fig- 
ure 25 shows a schematic of the casting set-up that was studied. The corresponding 
finite element mesh for a 20% by vol. of reinforcement is shown in Fig. 26. The 
matrix and fibers are modeled using 356 four-noded plane strain temperature dis- 
placement elements per section. The circular regions represent the matrix. The angle 
9 was measured from the x axis in the counter-clockwise direction to represent the 
direction in the matrix. Following are some of the features of this case study. 

In order to study the residual stress formation mechanism first a thermal 
analysis was performed using the mesh shown. The thermal history data was then 
used to perform a residual stress analysis. Results show that the matrix undergoes 
significant plastic deformation during cooling from liquidus to room temperature. 
The residual stress was maximum at the fiber-matrix interface and reduced as 
the distance from the interface increased. Figure 27 shows the equivalent stress 



Heat removal 



Figure 25 Casting setup used to model fiber-reinforced composite. (From Ref. 74.) 



Figure 26 FE model for composites reinforced with fibers. (From Ref. 74.) 
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around the SiC fiber in the elastoplastic matrix. Figure 28 shows how the residual 
stress decreased as the distance from the interface increased. The matrix undergoes 
significant plastic deformation during cooling from the liquidus temperature to 
room temperature. 

In order to study the effect of residual stress on mechanical behaviour com- 
posites with and without residual stresses, specimens were subjected to a transverse 
tensile mechanical loading. Composites consisting of 10, 20, and 30% by vol. of 
fibers were used in this study. The results showed that the modulus of elasticity 
was lowered due to the presence of residual stresses. This was due to the plastic 
deformation already present in the composite. The yield stress of composites, 
however, were raised due to the presence of residual stresses. 



Figure 27 Equivalent stresses around the SiC fiber in the matrix subjected to a uniform 
temperature change. (From Ref. 74.) 



Figure 28 Equivalent stresses in the matrix as a function of distance from the interface: 
along 0, 90 and 180 degrees directions and along the 45 and 135 degree directions. (From 
Ref. 74.) 
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5.6 Stress Corrosion Cracking (SCC) 

In corrosive environments existence of residual stresses, especially tensile residual 
stresses, can accelerate the corrosion processes in aluminum alloys leading to 
cracks in the component. As a simple thumb rule it can be said that surfaces 
residual stress that is tensile increases the chance of stress corrosion cracking 
and conversely compressive surface residual stress decreases the chance of SCC. 
This is why shot peening is sometimes used to help inhibit SCC. SCC in aluminum 
is dependent on the direction of application of stress as well. For example, for flat 
rolled products (sheet and plate), this situation occurs when (residual) stress is 
in the short transverse direction (normal to the rolling plane) and crack growth 
occurs in the rolling plane [26]. For forgings and extrusions, the grain patterns 
are much more complex, but maximum susceptibility occurs when stress is applied 
normal to the two principal grain flow directions, with crack growth occurring in 
the plane of metal flow [26]. 

It is known that alloys that contain appreciable amounts of soluble elements 
such as copper, magnesium, silicon, and zinc, are susceptible to SCC [26]. 
Stress-corrosion cracking in aluminum alloys is mainly intergranular in nature. This 
requires the grain boundaries to be anodic with respect to the rest of the 
microstructure so that corrosion propagates along these boundaries. For example, 
in 2xxx alloys the solute-depleted regions are the most anodic and in 5xxx alloys, 
the Mg 2 Al 3 precipitate along the boundaries is the most anodic. Thick sections 
of 2xxx alloys in naturally aged T3 and T4 tempers are susceptible to SCC, while 
thin sections are not. This difference is due to the quenching rate difference of thinner 
and thicker sections [26]. For the 5xxx series, susceptibility to SCC is low for lower 
magnesium content (i.e. < 3%). If the magnesium content is higher than 3% the 
chances of Mg 2 Ah precipitating is higher which increases the susceptibility to SCC. 
6xxx alloys are not susceptible to SCC at all. For 7xxx alloys, although the occur- 
rence of SCC is low for highest strength tempers, parts that are machined from 
forgings and tempered parts that are thick have been found to be quite susceptible 
to SCC. Stress corrosion cracking is a very specialized topic and will not be dealt 
with in any more detail in this chapter. For information, references such as [26] 
should be consulted. 


6 STRESS RELIEF AND DISTORTION CONTROL 

The basic premise of a stress relief method is to produce rearrangement of atoms or 
molecules from their momentary equilibrium position (higher residual stress state) 
to more stable positions associated with lower potential energy or stress state. These 
methods can be classified into three broad categories: thermal, mechanical and 
chemical ([4], p. 134). The following remarks are concerned with the methods in 
the first two categories. 

Thermal stress relief methods include annealing, aging, reheat treatment (e.g. 
post-weld heat treatment), and others. In general, a stress relief operation involves 
heating the part to a certain temperature, holding at the elevated temperature 
for a specified length of time, followed by cooling to room temperature. Primary 
reduction in residual stresses takes place during the holding period due to creep 
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and relaxation. In aluminum alloys, precipitation heat treatments are quite com- 
monly used for stress relief. The degree of relaxation of stresses is primarily depen- 
dent upon the temperature of the precipitation treatment and alloy composition. 
In general, the precipitation treatments used to obtain the T6-type tempers provide 
only modest reduction in stresses, ranging from about 10-35%. To achieve a sub- 
stantial reduction, heat treatment to the T7 temperature level is required. This, 
however, is accompanied by substantial reduction in strength. Uphill quenching 
(as described earlier) is another thermal residual stress relief method that is used 
for both quenched parts and metal matrix composites. Computer simulation of 
a thermal stress relief method generally entails a thermal-elastic-plastic-creep analy- 
sis of the part. A simple one-dimensional computer analysis of residual stresses in 
thin plates along with experimental verification is discussed by Agapakis and 
Masubuchi [81]. Josefson, on the other hand, has presented more sophisticated 
thermal-elastic-plastic-creep simulations of the annealing of single pass and 
multi-pass girth-butt welds in pipes [82,83]. 

A number of sub-categories of mechanical stress relief methods are listed in [4]. 
Out of these, methods such as stretching, upsetting, bending and straightening, etc, 
are common. Mechanical stress relief works somewhat in the following fashion. 
Assume that a metal strip has tensile residual stresses equal to the yield strength 
in its outer layers and compressive stress equal to the yield strength in its central 
layers. If this metal is stretched, the outer layers will flow plastically, the stresses 
will increase slowly in this region according to the hardening characteristics of 
the metal. The metal in the inner layers deform elastically, and the stresses increase 
rapidly according to Hooke’s law. If now the stretching is stopped the stresses reduce 
uniformly across the specimen width. The final stress pattern that the metal retains 
consists of a reduced level of tensile stress on the outer surface and a reduced level 
of compression at the center. Typical levels of stretching deformation used for alumi- 
num alloys range from 1% to 3%. FEA simulation of these methods do not pose 
much difficulty. However methods such as shot peening (a frequently used stress 
relief method) is likely to be difficult to simulate; and to the best of our knowledge, 
no attempt has yet been made to do so. The obvious reason is that, whereas it should 
be possible to model a single impact, modeling multiple impacts will be difficult, just 
as modeling multi-pass welding. 

In recent years, the method of vibratory stress relief (especially in the 
subresonant region) has received considerable attention [84,85], The basic premise 
of this method is that the presence of residual stresses in a part changes (increases) 
its natural resonant frequency. When the part is subjected to vibrations below 
its new frequency, the metal absorbs energy. During this process, the stresses redis- 
tribute gradually and the resonant frequency shifts back to the point corresponding 
to a residual stress free (or almost free) state. The process does not change the 
metallurgical or mechanical properties of the material. The technique has been found 
successful in relieving residual stresses induced by thermal processes such as welding 
and casting but not those induced by cold working. It has also been applied to reduce 
residual stresses in parts prior to machining in order to minimize distortions. It has 
been found particularly beneficial in low and medium carbon steels, stainless steels, 
aluminum alloys, but not in copper alloys. In view of the fact that the technique 
is much simpler, quicker and inexpensive than the thermal relief methods, it merits 
further study. 
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7 SUMMARY 

Residual stresses are by-products of manufacturing and have the potential for 
causing premature failures. These failures could be cracks or fracture, degraded 
material properties, or undesired distortions. This article explains some of the fun- 
damental causes which are common to the generation of these stresses in almost 
all manufacturing processes. It also identifies the various parameters which influence 
the magnitude and distribution of residual stresses in aluminum parts due to pro- 
cesses such as casting, quenching, sheet-metal forming, welding, and composites 
manufacturing. Attempt is made to include a lot of details in each case through 
the discussion of relevant case studies. Control and minimization of residual stresses 
and distortion are discussed in the context of different manufacturing processes. The 
article discusses the application of both the trial-and-error approach and the com- 
puter prediction approach for the determination of residual stress and distortion; 
with an emphasis on computer simulation. Most importantly, it points out several 
practical issues which require careful attention in order for the computer simulation 
technique to provide meaningful answers to the manufacturing engineers. 
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1 INTRODUCTION 

Rolling is a basic process for producing strip and sheet. Due to small product 
thickness, the demanded tight tolerance and quality requirements such shapes 
are difficult to produce directly by casting. In addition to producing the required 
shape, deformation by rolling ensures that the microstructure of the product is 
adjusted for further processing. The typical dendritic or coarse cellular as cast 
microstructure is effectively modified by hot rolling. Recrystallization processes lead 
to a complete re-organization of microstructure. This improvement of micro- 
structure and mechanical properties is also important for manufacturing thicker 
products such as plates. Compressive deformation by rolling may even close existing 
pores or voids. In addition, the development of texture during hot and cold rolling 
plays a significant role in establishing the final properties of aluminum sheet. These 
processes will be discussed in detail in this chapter. 

The use of aluminum has increased in many applications [1,2]. Its light weight 
is an obvious advantage and it has gained interest, e.g. in attempts to save energy 
by developing light weight constructions. Aluminum alloys offer adaptable tensile 
strength levels between 60 and 530 MPa, good castability and formability, good 
chemical resistance, versatile possibilities of surface treatments and high electrical 
as well as thermal conductivity. Optimum alloys can be found for a variety of 
applications in transportation, structural components, packaging, electronics and 
for machine components. In addition to the supply for various applications in 
the expanding transportation market, the traditional usage of rolled aluminum sheet 
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and plate material is in can body and can top stock, food and medical packaging, 
closure caps, thin foil, fin stock for air conditioners, brazing sheet for heat 
exchangers, decorative panels and lithographic sheet. 

From a historical perspective the dominant material in rolling is steel, which 
accounts for the largest quantity in the world’s metal rolling production. The 
advances in the rolling of steel strip and sheet [3,4] therefore often found their 
way into the rolling of aluminum as well. In the case of aluminum one difference 
is that thinner sheets and foils make up a more significant portion of the product 
palette. The rolling of thin gauges presents some basic difficulties, which will be 
discussed in detail. Excluding the striking metallurgical differences between alumi- 
num and steel, lower hot rolling temperatures for aluminum, which are about 
one half of that for steel, and differing frictional conditions, the basic rolling tech- 
nology for both steel and aluminum is based on the same general mechanical 
principles. Some features of modern aluminum rolling mills are first briefly reviewed 
and the basic mechanics of rolling are discussed. 


2 HOT ROLLING OF ALUMINUM 

Figure 1 shows some basic casting and hot rolling mill configurations for aluminum 
strip production. The basic difference in the type of production method depends 
on the required production capacity. Due to the lighter weight of aluminum, the 
production capacities of aluminum mills are usually lower than those for steel. 
The choice of mill depends on the product spectrum and the capacity requirements. 
Single stand mills, where multi-pass rolling is performed in reversing manner is 
usually used for roughing passes as well as for finish rolling. Tandem mills, where 
several stands are in line, are used for the finish hot rolling passes. An alternative 
to the tandem mill can be the Steckel-type mill, in which reversing rolling is 
performed from coil to coil. A traditional hot reversing roughing mill and hot 
tandem finishing mill production system becomes economical for steel if the annual 
production exceeds 0.5 million tons; and with an increased number of furnaces, 
roughing mill and finishing mill stands annual production can easily be extended 
up to several millions of tons. An alternative in the case of steel is thin slab casting 
technology, which can be employed to replace the traditional reversing roughing 
mill, if the surface quality is not critical and the production spectrum is not wide. 

One producer of rolling mills for both steel and aluminum [5] recommends that 
more than 600,000 tons per year (see Fig. 1.5) can be obtained with the classical hot 
reversing roughing and tandem finishing mill concept for rolling aluminium strip. 
A single stand reversing hot mill alone is capable of a production of up to 160,000 
tons per year. 

The reversing roughing mill combined with a Steckel-type reversing hot or 
warm finishing mill is recommended for smaller amounts of production. It offers 
the advantage of producing small batches on a “just-in-time” basis, which is not 
economical in tandem mills. It should be mentioned, however, that for some prod- 
ucts this concept may lead to severe problems in mechanical properties due to 
the longitudinal variation of texture and microstructure. 

For still smaller amounts of production thin slab casting or thin strip casting 
may be considered. The twin roll caster may be used in low-capacity plants for 
casting mainly soft alloys down to a nominal minimum strip thickness of 6 mm. 
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1.1 - Strip Casting-Rolling 

Production Capacity < 10.000 tpy 


Strip Caster 


1.2 - Thin Slab Casting - Hot Tandem Finishing 
Production Capacity < 1 20.000 tpy 



Hot Tandem Finishing Mill 


Thin Slab Caster 


1.3 - Hot Reversing Roughing/Finishing 
Production Capacity < 150.000 tpy 




Ingot Scalping 



Hot Reversing Roughing/ 
Finishing Mill 


1.4- Hot Reversing Roughing Mill - 
Reversing Warm Finishing Mill 
Production Capacity 
< 250.000 tpy 


Ingot Scalping 


-S' 

Hot Reversing 
Roughing Mill 


1.S - Hot Reversing Roughing Mill 
Tandem Finishing Mill 
Production Capacity 
< 600.000 tpy 
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Figure 1 Hot strip casting and rolling mills for aluminum alloys. (From Ref. 5.) 
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A belt-type caster followed by tandem hot rolling can be employed for a full range of 
alloys including the 1100, 3000 and 5000 series. The caster produces alloys in the 
thickness region of 16-20 mm and after the tandem finishing mill, a thickness down 
to 2 mm or 3 mm is obtained. 

In aluminum rolling the requirements for dimensional accuracy and flatness 
have been increasing steadily. For this reason various control techniques have been 
developed where the shape of the roll gap is influenced by the geometrical and 
thermal crown of the rolls as well as by the application of torques to influence 
bending. Systems which deserve special attention are those based on variable 
crowns and lateral shifting of work rolls, such as CVC (Continuously Variable 
Crown), UPC (Universal Profile Control) or HVC (Horizontal Vertical Crown), 
usually applied with additional roll bending [6-8]. For an even finer adjustment 
of shape, selective spray cooling is applied to the work rolls. Combinations of these 
methods offer shape control within a broad range. The CVC concept has become 
popular both in new mills and in revamping older installations. The world’s largest 
aluminum-processing plant of Alunorf, Germany (a joint venture of VAW and 
Alcan), with an annual production capacity of 1.4 million tons of hot strip and 
900,000 tons of cold strip has been reported to employ CVC in its newest hot 
and cold strip mills [9]. 

Hot working is defined as a forming operation in the range above 0.6 times the 
melting temperature of the metal, which in the case of aluminum is above 300°C. As 
compared to cold working, forming in this region is assisted by dislocation climb, 
cross slip and activation of additional slip systems. Strain hardening, which in cold 
working causes high pressures, is reduced considerably by dynamic recovery, result- 
ing in the formation of polygonized dislocation arrays of lower energy. Further 
softening is induced by static recovery (annihilation and rearrangement of dis- 
locations) and recrystallization (nucleation and growth of new grains) during inter- 
stand times or upon subsequent annealing. These factors lead to considerably 
lower flow stresses which, apart from lowering the necessary energy for rolling 
and lowering the pressure on the roll-set, enhance the formability of the material 
by reducing stress concentrations which initiate failure. Thus, high reductions above 
50% can be accomplished. A compact overview on the current understanding of the 
structural influences in hot rolling is given by McQueen [10]. 

During hot rolling, aluminum alloys undergo significant changes in 
microstructure and texture, which determine the product quality. Thus, tight control 
of metallurgical changes is required in order to ensure a cost-efficient production of 
high-quality sheet material. All major aluminum rolling mills employ thermo- 
mechanical processing-routes in which the rolling operation is not only employed 
to achieve the desired reduction, but to accomplish well-defined metallurgical pro- 
perties. Consequently, hot rolling procedures for aluminum alloys differ consider- 
ably from the steel rolling practice. 

The development of the most important metallurgical features during a typical 
processing route of Al-Mg-Mn alloys is depicted in Fig. 2 [26]. The conventional 
processing route of hot rolled sheet today starts with a DC (Direct Chill) casting 
operation [1]. As the overall efficiency of the processing route is to a large degree 
determined by batch size, it is usual to aim for the largest ingots that can be processed 
in the hot mill. Modern machines can handle drop weights exceeding 100 tons. The 
resulting low cooling rates lead to coarse precipitates and segregations. The most 
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Figure 2 Evolution of grain structure, precipitation structure and texture in sheet pro- 
duction of Al-Mg-Mn alloys. (From Ref. 26.) 


dominant features of the cast ingot are the cell size, as well as type, size and dis- 
tribution of constituent particles and eutectic precipitates. 

Furthermore, the highly heterogeneous cooling rates from the DC casting 
impose variations in microstructure throughout the slab. Due to grain refinement, 
a close to random texture is usually observed (Fig. 2(a)). Surface segregations 
may be removed by a subsequent scalping operation. Even 100% of the production 
may be scalped before rolling to ensure good quality of the products. Subsequently 
follows an ingot homogenization treatment, during which internal stresses are 
relieved, elements in supersaturated solid solution (Fe, Mn, Si, Cr, etc.) are 
precipitated, microsegregations are leveled to some extent by long range diffusion 
and primary phases are transformed. When the alloy is held at high temperature 
for a sufficient time, precipitates coarsen. It has been shown for alloy AA3003 [11], 
that the mean dispersoid size can be varied between 0.03 and 0.17 fim with a con- 
current variation in dispersoid density between 740 and lljum -3 for low and high 
temperature annealing respectively. As the dispersoid size strongly affects 
recrystallization during and after hot rolling, it needs to be controlled by optimum 
heat treatment conditions. From homogenization the slab is usually cooled down 
to hot rolling temperature. This leads to a further reduction of elements in solid 
solution and a growth of coarser secondary particles. The microstructural state 
of the slab before hot rolling significantly influences most final properties of a 
number of product groups. 

The hot rolling operation is performed at the highest possible temperature to 
lower flow stress in order to reduce loads and to achieve high reductions. An upper 
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temperature limit is imposed by the need for controlling recrystallization and 
precipitation, dependent on the alloy, as well as by the occurrence of pick-up. During 
conventional rolling, the coarse as cast structure changes to a deformed and 
recrystallized structure having considerably finer grain size. Coarse primary 
precipitates are crushed and become distributed more evenly. Decreasing tempera- 
tures during rolling and an increase in vacancy concentration in the lattice due 
to deformation lead to a further precipitation of secondary phases. 

With regard to microstructure, hot rolling can be seen as a succession of 
deformation and annealing steps. The most dominant metallurgical features are 
recrystallization and the development of preferred crystal orientations (texture). 
Both processes are interrelated and influenced by ongoing precipitation. 
Recrystallization is particularly determined by the alloy system and the processing 
conditions. In high-purity aluminum, the grain boundary mobility is high and 
the material already shows rapid recrystallization during processing (dynamic 
recrystallization). However, in customary industrial alloys, dynamic recrystal- 
lization may be observed only at extremely high temperatures, where the effect 
is mainly caused by local bulging of grain boundaries and not by nucleation and 
growth. For these materials, recrystallization typically takes place during inter-stand 
times or after rolling at elevated temperatures (post-dynamic or static 
recrystallization). In commercially pure alloys such as AA1050, typically used 
for packaging foil or lithographic sheet, elements with low solubility, like Fe 
and Si, interact with the grain boundaries and efficiently obstruct recrystallization 
when present as finely dispersed precipitates. The presence of Mn and Cr causes 
the same effect unless the elements are already bound in coarse particles. Within 
the Al-Mg-Mn alloy system, used in considerable amounts for beverage cans or 
automotive components, recrystallization covers a broad range within the scope 
of industrial conditions and thus can be influenced to a large degree by the choice 
of rolling parameters. Figure 3 gives an example of the recrystallization spectrum 
of alloy AA5182 [12]. In industrial practice, the recrystallized structure can be 
obtained in a separate annealing treatment, but more sophisticated technologies 
utilize self-annealing on the coil from the rolling heat. 

Grain size and especially texture development are determined by 
recrystallization, which in turn govern the properties of products delivered in 
hot rolled condition as well as those of subsequently cold rolled sheets. Cold rolled 
products particularly, such as can body stock, require a distinctive cube texture 
in the hot rolled condition in order to reduce earing upon the drawing operations 
of the can manufacturer. The formation and evolution of cube components has 
received much attention of researchers and industry [13-15]. During hot rolling with 
little inter-stand recrystallization, the cube nuclei are formed at the expense of rolling 
texture components, and they can grow upon subsequent annealing. A coarse size 
and large inter-particle spacing are desired to enhance recrystallization during 
coiling. On the other hand, this may cause inter-stand recrystallization leading 
to the formation of large cube bands which deform unfavorably in subsequent 
passes. To restrain inter-stand recrystallization, the rolling temperature can be 
lowered, or the rolling speed can be increased. In this situation another restriction 
is introduced by the occurrence of particle-stimulated nucleation (PSN). The 
transition range from cube texture to the random PSN texture is depicted in Fig. 
4 for alloy AA3104 with a given constitution before rolling [16], In addition, the 
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Figure 3 Spectrum of recrystallization for alloy AA5182. (From Ref. 12.) 
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Figure 4 Cube vs PSN texture dependent on forming conditions for alloy AA3104. (Front 
Ref. 16.) 


importance of size and distribution of coarse constituent particles (Fig. 5) 
emphasizes the need for understanding the development of microstructure 
throughout the whole process chain [18]. 

Hot rolling is the dominant process in the production chain of aluminum strips 
and sheets inducing microstructural heterogeneities in the end product. It is obvious, 
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Figure 5 Cube vs PSN texture dependent on the state of precipitation for alloy AA3104. 
(From Ref. 17.) 


that discontinuous rolling on a reversing mill causes heterogeneities along the rolling 
direction. The delay time between head and tail continuously increases, so that for 
some passes the slab may partially recrystallize if no precautions are taken. 
Furthermore, especially in the roughing passes, the deformation is characterized 
by large gradients in strain rate and temperature in strip thickness. Heterogeneities 
in width may become severe, when operating at low speeds and if the mill is not 
equipped with selective cooling systems. 

From the above it can be deduced that tight metallurgical constraints are 
imposed on the hot rolling schedule and processing parameters have to be controlled 
within narrow windows. The discussed mechanisms are governed by the initial state 
of the ingot (alloy composition, state of microstructure, constitution-size- and dis- 
tribution of precipitates and elements in solid solution) in combination with the 
applied hot rolling and annealing conditions (temperature-time history, strain path, 
strain rates and tooling boundary conditions). The layout and optimization of such 
complex interacting systems can only be performed if the microstructure can be 
quantified at all processing stages. Thus, predictive models are essential for this task 
and are subject of major research efforts in the aluminum industry. 

Figure 6 documents an application in which the computed fraction of 
inter-stand recrystallization in a tandem hot finishing mill and the percentage of 
cube texture and earing are correlated [12], the results of which are used for pass 
optimization in order to reduce earing in the end-user-product. 

In comparison to steel industry, where modeling techniques for multi-pass hot 
rolling have a long tradition and are well advanced [e.g. 19-22], the modeling of 
aluminum alloys is at a considerably earlier stage. In steel, the influence of texture 
on recrystallization is usually neglected, and the only material parameters that need 
to be considered in the austenitic regime are grain size and work-hardening and 
-softening kinetics. The kinetics of static recrystallization are usually assumed to 
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Figure 6 0/90° earing and cube intensity vs computed fraction of interstand 

recrystallization after the first pass of a three stand hot mill for alloy AA5182. (From Ref. 
12 .) 


follow an Avrami equation of the following form: 


X — 1 — exp 



( 1 ) 


X is the recrystallised volume fraction after an annealing time t, and C and k are 
constants. The characteristic time needed for 50% recrystallisation to . 5 is usually 
expressed in terms of an empirical formulation such as 

to . 5 = a x iC h x d' 0 x Z~ d exp0H, (2) 

where a-d are constants, Q re x is the activation energy for recrystallization, d D is the 
initial grain size and R is the universal gas constant. Z is the 
Zener-Hollomon-Parameter which can be understood as a temperature com- 
pensated strain rate which characterizes the forming conditions during rolling. It 
is calculated as 

Z = gxexp0^j, (3) 

where <2def is the apparent activation energy for deformation. In a similar manner 
empirical formulations for the recrystallized grain size d iex have been developed 
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in forms such as 

drex = e X d f 0 X E~ g (4) 

Again, e-g are empirical constants. 

Attempts to apply similar sets of equations to A1 alloys may be successful in 
limited cases, but generally turn out to be difficult. For example, Sellars [23] reported 
that microstructures calculated by these equations appear unrealistic, as too large 
grain sizes were predicted. It is concluded, that in modeling multi-pass hot rolling 
of A1 alloys some unresolved questions exist, and it appears, that more fundamental 
descriptions of the evolution of microstructure are required than for steels. It is of 
particular importance to account for particle precipitation and dissolution and 
to identify the nature of different possible nucleation sites for recrystallization. 

The development of such models is subject to current research and advances 
have been made to incorporate physically based characterization of potential 
nucleation sites for recrystallization and their respective efficiency under various 
deformation conditions [24,25]. In such way also the evolution of recrystallization 
texture is incorporated. 


3 COLD ROLLING OF ALUMINUM 

The applications of cold rolled aluminum strip have traditionally been in the bev- 
erage can, food packaging, building construction and automobile industries. Trends 
include rolling of wider strips up to 2000 mm and reducing the gage from 0.35 mm 
and 0.30 mm down to 0.25 mm. Reduced thickness gage and shape tolerances have 
also been predicted [5]. Figure 7 represents various types of cold rolling mills offered 
by one producer [5]. The selection of mill depends on the required throughput, alloy, 
temper and material finish requirements. 

The most conventional approach would be to start with either 6-high or 4-high 
heavy-gage cold strip mills (2.1 or 2.2 in Fig. 7). They are said to offer the flexibility 
to cover the complete range of alloys over a wide gage range from 14 to 0.3 
mm. The capacities of these mills can reach up to 100,000 tons per year. 

If still higher throughput is required, a continuous cold rolling line that utilizes 
a two- or three-stand tandem mill is recommended. They can be used for large-scale 
production of a limited range of products. The capacity of such a line would be 
about 300,000 tons per year. Tandem mills for the rolling of steel strip usually con- 
tain more stands depending on the amount of production. Often the cold rolling 
mills for steel strip may contain up to six stands. The last stand may even be a 6-high 
mill. 

Light-gage strip mills are used for further processing after the heavy-gage mill. 
They may be either 6-high or 4-high design. They may be used to roll gages down to 
0.02 mm. In particular, the 6-high type mill with shifting of intermediate rolls 
can be utilized for foil-roughing applications. The capacities are of the order of 
30,000 tons per year. Finally for special applications such as polish rolling of 
bright-finish material, a two-high mill (2.4) with limited reductions at low 
throughput speeds may be used. 
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Figure 7 Cold rolling mills for aluminum alloys. (From Ref. 5.) 


Further processing to aluminum foil may finally be done in special 4-high mills. 
The trend in industry has been towards thinner gages and their market share has been 
increasing. High-quality process control is required for rolling speeds exceeding 1000 
m/min. Up to speeds of 1500 m/min, 4-row cylindrical roller bearings and 2-row 
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axial roller bearings are being used. If the rolling speeds exceed 1500 m/min, oil film 
bearings are used instead [5]. 

As the specific rolling pressure increases towards thin gages, roll flattening and 
roll bending increase. Special attention has to be paid to the strip edges, as roll 
flattening decreases gradually from the loaded centre of the roll towards the lesser 
loaded segments of the roll outside the strip. In addition, an unfavorable thermal 
crown develops, which gains significance with thinner gages. Counter bending of 
the rolls proves to be ineffective since the strip is embedded in the rolls. As a conse- 
quence the so-called “edge drop” problem is frequently encountered, leading to tight 
edges, which in turn may cause quarter buckles or edge tearing. Accordingly, a major 
concern in cold rolling is to relieve the local pressure on the edges without affecting 
general flatness or shape. Various advanced control technologies have been devel- 
oped for this purpose, such as zone cooling of the rolls, inflatable backup rolls 
or utilization of 6-high mills with lateral shifting of intermediate rolls. 

In the cold working regime (below 100°C), dislocation climb and cross slip are 
very much restricted. The material undergoes considerable strain hardening where 
fracture usually occurs before a steady state is reached. A defined strain is applied 
during cold rolling to achieve the desired product strength by strain hardening, 
and to produce a plane sheet with well-defined and sometimes structured surfaces. 
An additional change in microstructure is caused by further crushing and alignment 
of constituent particles. 

The strength of non-heat-treatable Al-Mg (Mn, Cu) alloys of the AA3xxx or 
AA5xxx groups is based on solid solution hardening and, to a lesser degree, on dis- 
persoids. For these alloys, strain hardening during cold rolling may increase the 
strength to above 400 MPa. However, the strong interaction of Mg with dislocations 
may lead to problems with peak stress and serrated flow curves (Portevin-Le 
Chatelier effect) and resulting Liiders line formation. Measures can be taken to avoid 
this effect, but they generally result in a loss in strength. For this reason, 
age-hardenable alloys (AA2xxx, AA6xxx) are often utilized for panel applications, 
such as car bodies, where homogeneous surfaces are dominant product 
characteristics. The strength of these alloys is based on precipitation hardening, 
which is obtained after a solution treatment and subsequent ageing. In any case, 
the microstructural and textural characteristics of the hot rolled band determine 
the achievable product quality after cold rolling and heat treatments to a large extent 
[26], 

The control of preferred grain orientations (texture) deserves special attention 
during the cold rolling of all alloy groups. The texture determines the anisotropy 
of various sheet properties that are of crucial importance to most subsequent 
processing operations. For can body applications, anisotropy is usually expressed 
by the percentage earing level of a drawn cup. Another quality measure is the r-value, 
which defines the ratio of strain in sheet width to sheet thickness in uniaxial 
deformation. Strong texture variations result in r-value differences that cause 
thickness irregularities in any deep drawing operation. 

For non-heat-treatable alloys, the cold rolling passes and annealing conditions 
need to be designed in order to meet the requirements on both strength and texture. 
The texture development during cold rolling is shown in Fig. 8 for alloys AA3104 
and AA5182 [27]. The partially recrystallized hot rolled band will show the typical 
rolling texture (6-fibre) that leads to 0/45° earing. The dominant cube texture 
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components, as present in the fully recrystallized hot rolled band, will result in 0/90° 
earing, while the RD-rotated cube texture component produces additional ears at 
0/180°. Six-ear or eight-ear cup profiles reflect the intensity of different texture 
components. Subsequent cold rolling and eventual intermediate annealing pro- 
cedures, which are adjusted to the condition of the hot rolled band, can be performed 
in such a way, that anisotropy is balanced, while at the same time work-hardening 
attains the desired strength level. The development of earing from the correspondent 
different initial textures and for varying cold reductions is shown in the lower part of 
Fig. 8. 


4 BASIC MECHANICS OF ROLLING 

Although fast modern computers now allow even three-dimensional numerical simu- 
lation of forming processes such as rolling, the simple slab method is still exploited 
by industry, e.g. for rolling load calculation. 

The equilibrium of forces in the horizontal direction requires that 

(<r + da)(h + dh) — ah = IpRdcp sin cp ± 2 ftp Rdcp cos cp. (5) 

The sign before the last term depends on the position of the slab within the roll bite. 
From entry up to the neutral plane the rolled material flows slower than the rolls 
rotate and the material is therefore drawn in by the frictional forces. After the 
neutral plane the velocity of the material exceeds the rotational speed of the rolls 
and the direction of the frictional forces therefore changes. 

The classical theories of rolling have been discussed in numerous books 
[3,4,28-33] and a detailed discussion is therefore not necessary here. 

Considering the forces acting on a cross-hatched slab of rolled material, as 
shown in Fig. 9, leads to the so-called von Karman-Siebel equation, which forms 
the basis of the calculation of the rolling load. 
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The zones from entry to the neutral plane and from the neutral plane to exit are 
called backward and forward slip zones, respectively. 

Omitting the second order differentials in Eq. ( 5) and rearranging leads to the 
von Karman-Siebel equation 


d(ah) 

dtp 


— 2/?/? (sirup ± cos cp). 


( 6 ) 


This equation is, however, rather difficult to solve and various simplifications have 
been proposed since the 1920s to facilitate its solution both in hot and cold rolling. 
Today, due to the increased use of computers, these solutions lose their importance, 
since the differential Eq.(5) can now be solved numerically without any further 
simplifications. 


4.1 Hot Rolling 

There are some characteristic features of hot rolling, that may be used to derive a 
simplified equation for rolling load calculation. It should be noted that what is pre- 
sented here, is done only to illustrate the principle. For the actual calculations 
the original references given in previously mentioned works [3,4,28-31] should 
be consulted. 

The friction in hot rolling is usually high. Even the adherence of the material to 
the rolls may take place. This is called sticking friction. There is very little generally 
available information on the coefficient of friction in hot rolling of aluminium. 

Generally the coefficients in hot rolling are considered to be high. Often the 
values cited are about p = 0.3 or 0.4 or even more. 

Pietrzyk and Leonard [29] discuss some previous work on friction in hot rolling 
of aluminum. They report the values given by Geleji [34,35]. 

p — 1.05 — 0.00052" — 0.056v, for steel rolls 

p = 0.94 — 0.00052" — 0.056v, for cast iron rolls 

p = 0.82 — 0.00052" — 0.056v, for ground steel or cast iron rolls. 

In applying Geleji’s formulae, temperature should be in °C and v is the rolling speed 
in m/sec. Actually these type of temperature corrected empirical formulae were orig- 
inally developed for steel by Eklund and Siebel [28]. Geleji later added the correction 
factor for rolling speed. 

Geleji [35] also gives some numerical values for the coefficient of friction in hot 
rolling of aluminum. According to him in hot rolling of 99.5% A1 alloy with slight oil 
lubrication p varies from 0.47 to 0.60 depending on the reduction and thickness. For 
hot rolling of Duralumin with emulsion based lubricant he gives three values for 
p — 0.3, 0.43 and 0.6 depending on thickness and reduction. 

If no lubricant is used severe sticking of the aluminum to the rolls may result 
[29,32], Local breaking of the oxide film on the surface may expose islands, where 
metal adheres to the rolls. Suitable coolants such as fortified mineral oil emulsions 
may be used to prevent further problems, even if a coating of aluminum on the rolls 
tends to form. Detached fragments may become embedded in the rolled product 
and cause problems. Insufficient lubrication may even cause the slab to wrap around 
the rolls into a tightly adherent band [29,32]. Ensuring effective contaminant-free 
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Figure 10 Frictional forces within the roll gap. 


lubrication in hot rolling of aluminum is very important. Filtration and prevention 
of contamination, e.g. with bearing oils is required to prevent premature change 
of the coolant emulsions [32]. 

Since rolling loads in hot rolling are usually lower than in cold rolling, 
flattening of the rolls may be disregarded in simplified load calculation. 

When rolling thicker slabs, spreading may cause problems. For relatively thin 
and wide strip the assumption of plane strain, i.e. no spreading, may be used 
for simplicity. 

Various solutions have been derived, e.g. by Orowan (1946), Sims (1954) and 
Alexander and Ford (1955). 

Since the contact length is usually small, it may be assumed in Fig. 10 that 
sincp x cp and cos q> x 1. If sticking friction is assumed, it means that 

HP = k, (7) 

where k is the shear strength of the rolled material. After making these 
simplifications into Eq. (6) it takes the form 

- = 2 R(pcp ± k). (8) 

d(p 

The roll pressure distribution p —p((p) may then be solved from this equation by 
assuming that the normal stresses a and p are bound by the condition 

P ~ a = | x 2 k, (9) 

After substituting p to replace a, Eq. (8) may be solved for p. Rolling load is then 
obtained by integrating 


<pi 


P = R 


pdcp. 


( 10 ) 
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Figure 11 Larke’s values of the Sims function Q. (From Ref. 31.) 


where;; is the rolling load per unit width. A simplified formula to calculate the load 
was developed by Sims (see, e.g. Ref. 31 for details). According to Sims, the load 
is obtained from 

P — 2kV~RAh x Q , (11) 

where Q can be obtained from the nomogram developed by Sims. The nomogram is 
shown in Fig. 11. The correction coefficient Q is a function of the relation of roll 
radius to exit thickness and percentage reduction defined by 

Ah h i — /;? 

r = — x 100% = - 1 - — - x 100%. (12) 

hi hi 

It may be noted that V RAh represents approximately the contact length in rolling. Q 
includes the extra load due to friction. If compared to frictionless compression 
between flat plates, which would correspond to Q — 1, the loads in actual hot rolling 
may be considerably higher — up to even four times. 

4.2 Cold Rolling of Aluminium 

Cold rolling differs from hot rolling in that the rolling loads are usually higher, which 
may lead to considerable roll flattening. With smaller reductions and thinner strip, 
the elastic deformation of the strip may no longer be ignored. Elastic zones both 
at exit and entry may have to be considered. 

Generally, lubrication can be considered as a key factor for cold rolling of 
aluminum. The coefficient of friction in cold rolling is usually much lower than 
in hot rolling. The magnitude depends of course on the type of lubrication that 
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Figure 12 Characteristics of friction in cold rolling. 


is used. The lowest values may be less than 20% of those in hot rolling. The successful 
cold rolling of aluminum requires a carefully balanced amount of friction. On the 
one hand, low friction levels reduce loads, prevent welding, and secure a more homo- 
geneous deformation, which increases workability and minimizes residual stresses. 
Furthermore, a continuous lubricant film acts as a protective shield to reduce wear. 
On the other hand, a certain amount of friction is required to ensure a stable con- 
trollable rolling situation and to avoid surface defects related to skidding. A 
well-known defect, directly related to unstable friction, is the so-called “herringbone 
defect.” 

Lubrication is to a large degree governed by lubricant viscosity v, rolling speed 
v and surface pressure p. The dependencies are represented by the well-known 
Stribeck curve (Fig. 12). Usually, a mixed lubrication regime is aimed at, in which 
hydrodynamic pockets are interspersed with boundary lubricated zones. This is 
important for rolling efficiency and especially for the surface finish. The extent 
of lubricant pockets and areas of boundary lubrication determine the surface appear- 
ance [36]. 

The most common lubricants in cold rolling of aluminum are mineral oils of 
low viscosity, in which the oil film is strengthened by boundary additives. Emulsions 
are increasingly being used for sheet rolling [32]. Heating during rolling or sub- 
sequent annealing may result in brown or black stains, which is a major problem 
associated with lubricants. For foil rolling, paraffin (kerosene) is used in purified 
form, but staining during subsequent annealing can still be a serious problem [32]. 

In conventional cold rolling theories, it is usually assumed that the coefficient 
of friction is small and constant and that the bite angle is small, which leads to 
assumptions sirup — cp and cos(p=l. After making these assumptions, the von 
Karman-Siebel equation (Eq. (6)) takes the form 

di ^ h l = 2 pR'((p±n), (13) 
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where R ' is the deformed roll radius. To solve this equation a may be eliminated from 
the yield condition by assuming that both a and p are principal stresses. Thus 


p — a — 2k — — == er, 

V3 


(14) 


where a is the effective stress or yield stress in uniaxial tension. 

After eliminating a in Eq. (13) by using Eq. (14), rearranging, ignoring a small 
term [{s!2k)-\\, putting h — h 2 + R ' (p 2 and integrating one obtains 

p = Cx2k — e ±ttH , (15) 

1 R' 


where H— 2 ^/WJh 2 arctan [^R’/h 2 ■ <p] and C is an integration constant which can 
be solved from the boundary conditions. 

If there are front or back tensions affecting, the yield condition (14) gives as 
boundary conditions 


I p = p ] = 2 k\ — t \ , when <p — q> (entry) 
p = p 2 —2k\ — t 2 , when <p = 0 (exit) 


(16) 


where ti and t 2 are back and front tension, respectively and k\ and k 2 are the cor- 
responding yield stresses in pure shear. 

By substituting the boundary condition from Eqs. ( 1 6) (1 5) and solving C one 
finally obtains at the exit side 


P 


+ 




(17a) 


and on the entry side 


P 



tl V/KHi-H). 

2kJ e 


(17b) 


Rolling force per unit width can now be solved by integrating 


/ v,' 


<p i 


\ 


P = R'\ 


p + dcp + 


p — dq> 


Vo 


<Pn 


J 


(18) 


where <p n is the angle at the neutral point. 

Various modifications of the solution of the von Karman-Siebel equation for 
cold rolling have been presented by different authors. Some of the pressure 
distributions obtained from various solutions have been compared in Fig. 13. 
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Figure 13 Roll pressure as a function of roll angle calculated by four different methods. 
From the dissertation of Teusch. (From Ref. 37.) 


[38] 


The deformed roll radius R ' is usually solved from the equation by Hitchcock 


R' = R 


! | 16C1 - v 2 ) P] 

nE bAh 


(19) 


where R is the undeformed roll radius, E and v are Hooke’s modulus and the Poisson 
ratio for the rolls, P is the roll force, b is the width of the strip and Ah is the draft 
(change of thickness). 

In Hitchcock’s formula the pressure on the rolls is assumed to be elliptically 
distributed along the arc of contact. The contour of the deformed rolls then remains 
circular. This assumption only holds for passes of sufficient strip thickness and 
reduction. When the entry strip thickness decreases, rolling loads increase and conse- 
quently roll flattening increases. A theoretical limit is reached, when both the rolls 
and the strip deform only elastically and no further plastic reduction can be attained. 
Thereby, a minimum accessible gage is defined under the assumption of roll 
flattening as described above. Nevertheless, rolling practice shows, that passes well 
below this limit can still be rolled, and measured loads appear to be considerably 
lower than the calculated ones. Loffler and Kramer [28] state that with a roll diam- 
eter of, e.g. 300 mm, exit thicknesses of below 13 /on can be processed. 


4.3 Rolling of Aluminium Foils 

The application of conventional rolling theories, as described above, fails when the 
exit thickness falls below 100-70 /un [28]. The reason for this is, that the contour 
of the deformed rolls is assumed to remain circular with an enlarged radius. As 
a consequence of the assumption, that plane cross sections remain plane, continuous 
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Figure 14 Change of roll contour as strip thickness decreases. (From Ref. 28.) 


plastic reduction occurs through the roll bite. Relative slip between work rolls and 
strip occurs along the entire arc of contact except for the neutral point, where 
the shear direction is reversed. In terms of the Coulomb friction law it follows, that 
limiting friction prevails throughout the roll gap, and predicted loads are 
unrealistically high. 

It was already shown by Orowan in 1943 that the deformed roll contour does 
not remain circular when thin strips are rolled. The development of roll flattening 
with decreasing strip thickness is illustrated schematically in Fig. 14. This contour 
development could also be verified experimentally [39]. To account for such effects, 
the complexity of rolling models increases drastically as elastic strip deformation 
has to be considered and roll pressure and elastic roll deformation equations need 
to be solved simultaneously. Specific rolling models [40-43] and finite element 
methods [44] have been developed and successfully applied to foil rolling and temper 
rolling processes. The strip is generally divided into two elastic zones before and after 
the roll gap, and two distinct plastic zones that are separated by a central zone, where 
the material remains rigid and is transported without plastic reduction (Fig. 15). 



Figure 15 Deformation zones in foil rolling. (From Ref. 45.) 
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Haeseling et al. [40] calculated stress distributions and compared strip and foil 
rolling. Their results are shown in Fig. 16. It can be seen that, while in strip rolling a 
typical friction hill-type pressure distribution is obtained, in rolling of foils a Herzian 
distribution prevails. In addition to the Herzian distribution a peak on the exit side 


(a) 



Distance from Mill - CL [mm] 

Pass: 99.5% Aluminium 2000 mm * 700 |Jm — ► 300]jm 

Yield stress : 105 N /mm 2 = const. Roll separating force : 3050 kN 


(b) 



Pass:99.5% Aluminium 2000mm x 33pm — ► 14.5pm 

Yield stress : 125 N/mm 2 = const 

Roll separating force : 6250 k N incl. roll kissing 


Figure 16 (a) Calculated friction hill-type distribution of stresses in strip rolling; and (b) 

calculated distribution of stresses in foil rolling. (From Ref. 40.) 
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appears. This peak resembles the one observed in bearings operating under 
elastohydrodynamic lubrication conditions. 

The tribological aspects gain importance with decreasing gages, as the ratio of 
contact surface to deformed volume increases. A brief overview on the importance 
of lubrication in foil rolling is given in [46]. The oils are exposed to high thermal 
loads, high pressures and high shear rates and the complex interactions in the roll 
gap, responsible for the shear stresses in foil rolling are not yet fully understood. 
Of utmost importance is the amount of oil being entrained into the roll gap, which 
determines the frictional conditions and thereby the possible reduction of the pass 
as well as the surface quality of the product. Basically three mechanisms supply 
the roll bite with oil, which are depicted in (Fig. 17). 

1. Hydrodynamic entrainment: In the wedge between roll and strip 
hydrostatic pressure builds up in the oil which is dependent on velocities, 
gap geometry and rheologic behaviour of the oil. The oil film thickness 
at the point, where the oil pressure reaches the yield point of the strip, 
is entrained into the roll gap. 

2. Surface roughness: Additional oil is entrapped in valleys of the surface 
roughness of roll and strip, independently of speed. 

3. Adhesive layers: Due to physisorption and chemisorption, boundary layers 
develop, which principally depend on temperature and the properties of 
oil, roll and strip. 

In foil rolling, the combination of high speeds and the over-supply of oil leads to an 
hydrodynamics lubrication regime at the inlet of the roll gap. Here the aluminum 
is separated from the roll by a continuous oil layer. During deformation the oil film 
thickness is reduced and metallic contact occurs. Thereby, a mixed lubrication 
regime is usually reached. Due to its technological importance, especially for rolling 
in thin dimensions, a number of works are dedicated to formulate suitable friction 
models in the mixed lubrication regime [e.g. 47-50], but still a number of open ques- 
tions remains. 
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Figure 17 Mechanisms of oil entrainment during cold- and foil-rolling. 
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5 CONTROL OF THICKNESS AND SHAPE 

Customers of rolling mills require increasingly dimensionally accurate products. 
Great efforts have been spent on ensuring that flat rolled products possess the correct 
dimensions, flatness and shape. Sophisticated control systems have been developed 
for this purpose and it is an area where rolling mill operators and suppliers of 
the required technology compete. Although there exist standards describing 
dimensional tolerances of flat rolled products, these often lag behind the develop- 
ment of technology and customers may even specify the thickness as some fraction 
of what is defined in the standards. Modern unmanned production methods require 
consistently good dimensional accuracy and shape for flat rolled products in order 
to avoid disturbances or breaks in production. In addition, accurate dimensional 
control may give savings in product weight. This may produce further savings 
in, e.g. maximizing the pay load and reducing energy costs in transportation. 

The elastic spring of the mill stand changes the exiting strip thickness from the 
value of the roll gap setting. Variations in friction, front and back tension, thickness, 
flow stress and temperature may all lead to changes in thickness as illustrated 
schematically in Fig. 18. 

Due to coiling of the strip, some deviation in flatness results [51]. However, 
more serious is a non-uniform deformation in the transverse direction and the result - 




d) 



c) 



f) 



Thickness h 


Figure 18 Schematic representation of changing (a) roll gap setting; (b) friction; (c) front or 
back tension; (d) strip thickness; (e) flow stress; and (f) temperature on the final thickness of the 
rolled strip. (From Ref. 30.) 
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Figure 19 Effects of various factors on roll crown (1. elastic deformation of the roll due 
uniformly distributed load; 2. ground roll barrel; 3. thermal expansion; 4. effect of non-zero 
crown of the entering strip; 5. real roll crown of a new roll; 6. effect of roll wear on crown). 
(From Ref. 30.) 


ing shape defects. An attempt to reduce the thickness of the rolled material results in 
bending of the rolls (Fig. 19). This leads to a thicker centre in relation to the edges. 
Based on Fig. 20 strip profile or crown is defined as a thickness difference [1] 

C r = h m - h t . (20) 


Too high reductions of the strip edges may result in buckling close to the edges. To 
describe the waviness a concept called percentage steepness is defined as [3,51] 



x 100[%], 
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Center Line 
of , Strip 



-« Width of Strip > 

Figure 20 A sketch to illustrate the strip crown. (From Ref. 52.) 


where / is the wavelength and h is the amplitude. Yet another measure of flatness is 
the / value, defined as relative elongation multiplied by 10 5 

A/ , 

/ = — x 10 5 . (22) 

Assuming that buckles are sinusoidal, it can be shown, that the I unit and steepness 
are interrelated. The / unit is also related to stress in the strip according to the 
equation 


I — 


A a 


x 10 5 . 


( 23 ) 


Since controlling of the shape is important, great efforts have been put to 
developing various techniques. A more detailed review has been made, e.g. by 
Ginzburg [3]. A brief summary is given in Fig. 21 [53], which represents five tech- 
niques including continuously variable crown (CVC), double-chock bending, use 
of six-high mill, variable crown using internally pressurized rolls and axially crossed 
rolls. Yet another important technique is the selective cooling of rolls. 

To improve productivity and product quality, automatic shape control (ASC) 
and gage control (AGC) systems are employed. Figure 22 represents an example 
of a six-high mill used for cold rolling of aluminum strip [5,54], In this example 
strip tension is measured and the required correction is provided by bending, shifting 
and cooling of the rolls. 
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VARIOUS CROWN AND SHAPE CONTROL FACILITIES 





J >1 3 

I 

variable crow 

n 

EeMSBbI 

m 



crossed rolls 


Figure 21 Some crown and shape control techniques. (From Ref. 53.) 


To optimize the rolling process, various computer models are being used both 
on-line and off-line. Models are required for the elastic spring of the mill stand, 
rolling force and friction, thermal effects and roll wear in order to be able to predict 
the shape of the strip. 

An effective mathematical model can determine the roll gap profiles of the 
individual stands and activate the adjusting systems to present them in real time 
as a function of individual operating parameters. The schematic principle of such 
an on-line model is shown in Fig. 23. 

In addition to on-line models, off-time models can be used to calculate the strip 
profiles. The requirements for an effective process model are especially demanding 
for aluminum hot strip mills since the thermal crown of the work roll is subject 
to relatively large changes. The crown usually grows from strip to strip. In addition 
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Basic structure 


Figure 23 A schematic view of an on-line model for profile and flatness control. 
(From Ref. 6.) 




Figure 24 An assumed schedule used for simulating hot strip rolling. (From Ref. 6.) 
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the varying rolling forces from strip to strip and from the head- to the tail-end causes 
additional variation in the roll gap profile. Figure 24 shows an assumed schedule that 
was used in an off-line model to simulate hot strip rolling [6]. 

As evident from the foregoing, the control of shape, tolerance and flatness is an 
critical issue in rolling mills. Further development may be expected in new kinds of 
models and computational techniques that do not suffer from the limitations of tra- 
ditional physical or mechanical models. 

One such relatively new development when it comes to rolling is neural 
networks. They are especially suited to applications where there is a lot of data 
available, but the processes are not yet accessible to physical simulation. Rolling 
of metals is one such area. Provided that sufficient measurement data is available, 
an artificial neural network can be taught and it can learn the dependencies hidden 
in the vast amount of data. 

The application of neural networks is rather new in rolling and applications are 
just beginning to emerge. Despite this, there are already a number of rolling mills, 
where neural networks are being used for process control, as illustrated in Fig. 
25 [55], 

The best results of artificial neural networks are probably obtained when they 
are combined with other existing physical or statistical models [56-58]. Yet another 
areas where artificial neural networks have been successfully applied is in the 
prediction of the mechanical properties and controlling of the annealing process. 

A rather recent development in the application of neural networks in rolling is 
the self-organizing maps, or Kohonen maps. They have been successfully applied 
to control many other processes, e.g. in the paper industry, but results in rolling 
are just beginning to appear. 
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1 INTRODUCTION 

This chapter is devoted to extrusion of aluminum alloys and divided into three main 
sections. Section 2 covers the basic parameters of extrusion needed for designing an 
aluminum section and a die, for understanding the processing steps, and for 
optimizing productivity, cost and product quality. A specific section shape is used 
to illustrate the interaction between these parameters. Section 3 is focused on 
the commercial applications aspects of extruded sections, life cycle aspects, alloy 
selection and section design guidelines. Section 4 covers the extrusion process in 
some detail, focusing on the basics of quantitative modeling of metal flow in the 
container and through the die. In the final section, some of the outstanding research 
challenges in the theory of extrusion of thin walled aluminum sections are discussed: 
(1) 3D-modeling of thin-walled extrusion; (2) the bearing channel friction in inter- 
action with die deflections and section surface formation; (3) stability of flow; 
and (4) limits of extrudability. 

The intention is that the chapter should give the reader an overview of the 
practical aspects of extrusion as well as an understanding of the present state of 
the theoretical work and some challenges in this branch of metal forming science 
and technology. However, the study of extrusion as a process is both relatively 
complex and multidiciplinary, and this chapter can hardly give the answer to all 
problems that may be encountered. Thus, before making detailed section design 
and alloy decisions, the reader is advised to contact an extrusion plant. Even though 
theoretical and experimental work has managed to explain a number of relevant 
phenomena, the quality of an extruded profile and naturally also of a complete prod- 
uct based on extrusions is still mainly dependent on the experience of personnel close 
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to or at the extrusion plant. One may also confer with more general works on 
extrusion [1,2]. 


2 BASIC PARAMETERS OF EXTRUSION 
2.1 The Process 

The most common method for producing aluminum profiles is that of direct 
extrusion (Fig. 1). Here, the ram is moving into the container at one end, and pushes 
the billet through the opening of the die at the other end. The temperature of the 
deforming aluminum alloy is in the range of 450-600° C during the process cycle. 
In contrast to the extrusion of steel, aluminum extrusion is taking place in absence 
of any lubrication of the die. Hence, the material sticks to the container and the 
die, giving a highly inhomogeneous flow with large degree of visco-plastic shear flow 
(See Sec. 4). The material far a way from the wall is flowing easier than that closer to 
it, with the surface of the billet remaining in the container. The billet and the con- 
tainer are normally circular cylindrical, but can in special cases be rectangular with 
rounded corners. 

A special feature in extrusion of aluminum alloys is the production of hollow 
sections (Fig. 2). In this case the metal flows into the opening between the die 
and the mandrel. The mandrel is kept in position by bridges. The billet material 
is forced, by the movement of the ram, into the portholes in the bridge die, called 
the feeder ports. Under the bridges, adjoining metal streams meet and are 
forgewelded together in the weld chamber, before flowing through the bearing 
channel, i.e. the opening between the die and the mandrel. 

Besides direct extrusion, two other special extrusion methods are used, indirect 
extrusion, and continuous extrusion, the Conform method [3]. In indirect extrusion 
(Fig. 3) the die is pushed into the container, where as the extrudate is flowing in 
opposite direction through the hollow stem. In the continuous extrusion (Fig. 4) 
a continuous feedstock is fed into a groove in a rotating wheel. Pressure is built 



Figure 1 Direct extrusion of an open section. 
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Figure 2 Direct extrusion of a hollow section. 



Figure 3 Indirect extrusion. 

up by friction between the groove walls and the feedstock in the gap between the 
wheel groove, the feeder plate and the abutment. The metal is then forced to the 
die opening in a continuous flow. Both open and hollow sections can be produced. 

Extrusion in rectangular containers, indirect extrusion and continuous 
extrusion are used for special products in limited quantities. Therefore, in the rest 
of this chapter the direct extrusion of open and hollow sections are dealt with. 

The main parameters of the billet, the container and the extruded section are 
(Fig. 1): 

• Diameter of the container: D c [m] 

• Cross section area of the container: ^container = A c — -D 2 c [hi 2 ] 
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feedstock 



Figure 4 Continuous extrusion. 


• Billet weight: 

• Billet diameter 

• Billet length 

• Density of aluminum: 

• The circumscribed diameter of the section: 

• Section thickness: 

• Cross sectional area of the section: 

• Weight of section per meter length: 

• Reduction ratio: 


W b = p | D\Lb [kg] 

D b [m] 

L b [m] 

p = 2700 [kg/m 3 ] 

d[ m] 

? [m] 

^section — ci s [tit''] 

U' s = A s p [kg/m] 



The most common values for the diameter of the container are 0.178 m and 
0.208 m. The billet diameter is usually 5-10 mm less than the container diameter, 
allowing the billet to enter the container easily. The circumscribed diameter of 
the profile is usually less than 0.9 times the diameter of the container, but specially 
designed dies with a so-called expansion chamber may actually allow for d > 
D c . The section thickness often varies over the cross section of the profile. The 
reduction ratio is normally in the range of 20-80. If R is very high (R > 70) and 
the section is of a proper shape, the die is usually designed with more than one 
die opening (Fig. 5). In this case, the reduction ratio is: 



(n = number of die openings) 


When an extrusion press cycle is carried out (see Sec. 4 for details), a small part 
of the billet is left in the container, the discard (Fig. 6). The length of the discard is 
normally around 10-20 mm. 


• Discard length: 

• Discard weight: 

• The weight of the extruded section: 

• Length of the extruded section: 


Wi = P^D 2 c L a [kg] 

w s — W b — W d [kg] 

L s — — [m] 

w s 
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Figure 5 A multihole die. 




Figure 6 Billet, discard, and the extruded section. 


2.2 The Die 

The tooling package is to perform the deformation of the aluminum and must nat- 
urally withstand very large forces. Tools are generally made of high strength steels 
such as Hll and H13, and surface in direct contact with the flowing material is 
hardened through nitriding prior to any use. Furthermore, the complete tooling 
package will be comprised of a great number of parts which all are meant to support 
the die when pressure is applied by the stem. The complete tooling package will be 
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designed differently for the extrusion of hollow or open profiles. In any case, 
however, a bolster will be situated directly behind the die and provide the main 
support. The die and bolster will then be placed in a horseshoe clamp, which is firmly 
attached to the press structure. 

In the case of extrusion of open sections one die design does not differ signifi- 
cantly from another although the bolster may provide varying degrees of support. 
Various die designs have, however, been developed for the extrusion of hollow 
profiles. The names of the most commonly used die types are porthole, spider 
and bridge, and for the extrusion of 6XXX-alloys porthole dies have traditionally 
been most popular, partly due to the ease with which they can be cleaned after 
extrusion. 

The design of a porthole die is displayed in Fig. 7. The outer contour of the 
section is formed by the die plate (Fig. 7(a)). The tongue will be less stiff and weaker 
than the rest of the plate because it supports the pressure from the deforming 
material on the tongue only along one edge. The inner circumference of the section 
is formed by the mandrel (Fig. 7(b). The mandrel is an integrated part of the porthole 




Figure 7 Billet, die, and extruded section in the process of extrusion. 
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die, connected to the rest of the die by webs, or bridges. In the mandrel a groove is 
machined out. This groove enables the internal rib in the hollow section to be for- 
med. 

The deforming alloy is flowing over the bridges and down into the feeder ports. 
Under each bridge, in the weld chamber, the two neighboring metal streams are 
forge-welded together. In this process the temperature of the material will not exceed 
that of melting, but welding will take place due to high pressures and diffusion rates. 
The alloy is also flowing into the groove in the mandrel from two sides, and in the 
center of the groove the two streams of metal are forge-welded, before the material 
flows into the bearing channel. All such welds are denoted seam welds. If pressures 
are not high enough in the weld zones, insufficient welding will take place. 
Furthermore, if material flows in an uncontrolled manner, one will not be able 
to predict the exact position of the weld. All these phenomena are highly unwanted 
and, hence, detailed studies of such can be found in the literature [4]. 

When designing mandrels one has to keep the following in mind: 

• The stiffness and strength of the bridges should be optimized. The feeder 
ports should at the same time be as large as possible in order to reduce 
the load on the mandrel and allow for higher extrusion speed. This will, 
however, result in a weak bridge construction with unwanted flexibility 
and an increased risk of die deflection. 

• Controlled flow out of the bearing channel should be sought. The die and 
the bearing channel should be designed so that the section leaves the 
bearings at a uniform speed and without generating excessive tensile or 
compressive stresses. Of special importance is the control of metal flow 
and die welding of the inner rib, because this cannot be inspected from 
outside during the press cycle. 

• The surface of the section should be homogeneous and leave the die without 
streaks and stripes at the highest acceptable speed. 

Clearly, there is a complex, but a very fascinating design-optimizing challenge 
here. Today, die design competence exists mainly as practical knowledge by highly 
skilled die designers, die producers and die correctors in the die shops. As will 
be pointed out in Secs. 4 and 5, however, the development of 3D computer simu- 
lation of hot extrusion processes is approaching such a level of precision that it 
can be used as a tool for die design. It must, however, be done in close cooperation 
with skilled and experienced die specialists. 


2.3 The Manufacturing System 

Satisfactory control of the material flow may be viewed as the key element in a suc- 
cessful production of aluminum profiles. In this context the last assertion has 
two alternative interpretations, and both are in fact equally correct. In order to pro- 
duce extrusions with the desired quality at an optimum pace, one has to establish 
some sort of an understanding of the mechanisms of plastic flow of material in 
the container and die. However, if an enterprise is to succeed economically in 
the extrusion business, it is as important that it masters the logistics, that is the 
control of the material flow in and around the production facilities. The extrusion 
process is carried out in an extrusion plant, which often has a lay out similar to 
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Figure 8 Layout of an extrusion plant. 


that presented in Fig. 8. Although heat treatment in general is the most time con- 
suming part of the production system, other process steps may in fact constitute 
the actual bottlenecks. The pressing of profiles is one such as it is non-continuous, 
and as considerable time is spent on changing dies, reloading new material into 
the container and performing maintenance tasks. Procedures are made even more 
complicated as new production orders for profiles often may necessitate several trial 
runs on the press. If the material is not transported effectively, down times may easily 
be long, and the most important parameter of all, productivity, will, consequently, be 
low. 

As is seen on Fig. 8 the extrusion process is comprised of a great number of 
steps. One of the most important, however, is the production of raw material 
for the process, and this usually does not take place in the plant. Feed stock for 
the process is logs, normally in lengths of 6-7 m. They are supplied from the cast 
house of primary aluminum smelter or a secondary (recycled) aluminum cast house. 
The logs are produced as visualized in Fig. 9. 

The liquid metal at temperature above 700°C is cleaned, added alloying 
elements and grain refiner before entering the casting table. By passing the casting 
molds with direct water cooling, the liquid aluminum alloy solidifies into a log. After 
casting, the log is homogenized in a temperature cycle that secures the best possible 
extrudability by establishing a homogeneous distribution of alloying elements 
and by dissolving phases with low melting points, typically Mg 2 Si [5,6]. The logs 
are then transported to the extrusion plant. 

In the plant a number of distinct processing steps takes place (Fig. 8). The logs 
are first taken one by one from the log stacker and transported to the induction 
heater. Here, a certain temperature profile is imposed on the log, and it is then 
cut into billets of a prescribed weight. In some plants the logs are cut prior to 
any heating. 
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Figure 9 Direct chilling casting (DC-casting) of logs. 


The billet is then loaded into the extrusion press, where the ram pushes it into 
the container. The end of the billet surface in contact with the ram, has been given 
a coating so that it does not stick to the dummy block between the ram and the 
billet. Because the billet has smaller diameter than the container bore, it is given 
an upsetting in order to fill the container. In this phase there is a risk of entrapping 
air in the container, and, thus, the ram stops after upsetting, unloads, and moves 
a small distance backwards to let the possible entrapment leave. This is called 
the burb cycle. 

Thereafter, the extrusion process commences. The ram pushes the billet 
through the die opening. The load capacity of the press with a container diameter 
of 0. 1 78 m is normally 1 6 MN , which corresponds to a specific pressure of 643 MPa. 
If the container diameter is 0.208 m, the load capacity is normally 22 MN and the 
specific pressure 647 MPa. The temperature of the billet prior to extrusion is in 
the range 450-470°C. In the induction heater, the billet may have been given varying 
temperature along its length in order to compensate for the heat generation caused 
by the shearing along the container walls when it is pushed through the container 
(see also Sec. 4). This is called tapering, and the highest temperature is usually 
in the front end of the billet. The temperature of the section leaving the die is in 
the range of 550-600°C. The taper should be given in such a way that the run 
out temperature is constant as this will result in minimum variation of dimensions 
and properties during the press cycle. 

As the section front leaves the die, it is gripped by a puller, which guides the 
section out on the run out table. The profile is then quenched and further cooled 
down when moving sideways along the table. The lengths of the profiles upon leaving 
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the die may be from 20 to 50 m, depending on the length of the billet and the 
reduction ratio. Normally, a number of charges (billets) are performed with the same 
die in a production set up. In this case, one may weld the profile from the new charge 
directly to the one produced in the foregoing charge, creating a so-called charge weld. 
This procedure simplifies production, but necessitates cutting of the profile during 
extrusion. On the cooling table the section is given a plastic deformation of 0.5-2% 
elongation in order to eliminate internal stresses due to uneven cooling over the 
cross section of the profile and straighten up possible bends and twists before going 
into the cutting saw. The extruded section is finally cut into prescribed lengths, 
normally 6 m. The process of cutting may vary somewhat from one plant to another. 

The cut sections are stacked in bins and transported through the aging oven 
where they spend 3-6 hr at temperature in the range of 170-190°C. After aging 
the sections are inspected and packed before they are delivered to the customer 
for further fabrication and surface treatment, followed by joining and assembling 
into the finished component or product. 

With a generic aluminum section (Fig. 10) some important features and 
characteristics of die design and productivity for aluminum extrusions will be 
demonstrated. 


An order of 200 sections a 6 m of alloy AA6060 ( Al-MgSi0.5) shall be produced in a 16 
MN press with container diameter of 0.178 m and run out table length 42 m. The 
following typical process parameters can be calculated and controlled: 

• The cross sectional area of the container is: 

A c = ^ 0.1 78 2 = 24.9 x 10~ 3 [nr] 

• The cross sectional area of the extruded section is 


A s = 0.084 x 0.02 - 2 x 0.028 x 0.016 + (0.003 2 - n x 0.0015 2 ) 

10 , , 

— = 0.437 x 10~ 3 [nr] 

4 

• The reduction ratio can, thus, be calculated to: 



24.885 

0.437 


84 


* ~~YB ”Z8 22 *■ 

► 2 * *>2-4 ► 



Figure 10 A “generic” extruded aluminum section. 
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This is a reduction ratio within the acceptable range for a one hole die. 

• The circumscribed diameter of the section is: 

d = \/0.02 2 + 0.084 2 = 0.086 [m] 

This is well bellow the maximum recommended diameter of 0.9 x 0.178 = 0.16[m] 

• Special features of the section shape that should be noticed, are a hollow 
rectangular section with constant wall thickness, an outer tongue and 
an inner rib. Furthermore, the profile is symmetric about the horizontal 
axis. 


2.4 Productivity and Cost 

A number of aspects are important to consider for a customer who is to choose 
between the many different suppliers of aluminum profiles. As a great number 
of sections ought to and have to be designed and manufactured for only one product 
type, customer service stands out as particularly important. Furthermore, the sup- 
plier must of course be able to deliver the section requested within an agreed time 
limit and to the specified quality. If the profile geometry is fairly complicated or 
a very high strength alloy is chosen, some suppliers may fall out of the race, but 
for most profiles one may not be able to differ on these grounds alone. And in 
the end, thus, all usually comes down to money. The basic parameters in the 
extrusion business are the prices per meter or per kg extruded section. These 
measures are dependent on the choice of alloy and the geometry of the section, 
and one has to contact different suppliers in order to determine exact prices. These 
should not differ too much since there is an active market mechanism working. This 
mechanism will, however, also pressure the suppliers to continuously seek to increase 
productivity and cut costs. It is in the creative negotiations between the customer and 
the supplier that the right price is agreed upon as a consequence of a section design 
with the right balance between requirements for functionality and the cost efficiency 
in the extrusion plant. Important parameters that determine the productivity and 
cost of the extruded section are: 

• Length produced per press cycle 

• Length of end cuts that have to be scrapped 

• Number of cut lengths per billet 

• The discard weight per billet 

• Number of billets produced, i.e. gross weight delivered to the press 

• Net weight ordered 

• The dead cycle, i.e. the time between each press cycle 

• The ram speed 

• The acceleration time, i.e. the time to reach the full ram speed 

• Time for die change 

• The price of billet delivered at the press 

• Die cost 

• Production cost 

• Unpredicted press stop 
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• Unpredicted quality scrap, i.e. the number of sections produced, which are 
not conforming with the required quality. 

The production cost may be measured as cost per minute extrusion time spent. 
This measure contains all direct costs and man-hour costs in the plant, divided by the 
estimated availability of the press in minutes. 

The following example is meant to illustrate a typical calculation of the cost per meter 
and cost per kg extruded profile. The calculations are meant to refer to the section 
in Fig. 10, and data from the example of the previous section is used. 

• The gross material mass (weight) is first calculated. 

The sections are cut to lengths of 6 m, of which 6 may be produced from each billet. In 
addition the first and the last meter of the total section is assumed to be of inferior 
quality and therefore scrapped. The total section length produced in the press cycle 
is then: 

6 ■ 6 + 2 = 38 [m] 

The mass per meter section can be calculated from the cross-section area and the 
density: 

0.437 x 10~ 3 x 2700 = 1.18 [kg/m] 

The previously calculated data can be used to find the run out mass per billet: 
1.18 x 38 = 44.84 [kg] 

The length of the billet is chosen so that the discard length is 0.02 m. As the container 
diameter is 0.178 m, the mass of the discard is: 

7i x (0.178/2) 2 x 0.02 x 2700 = 1.34 [kg] 

The total mass of each billet may be calculated to be: 

44.84+ 1.34 = 46.18[m] 

In order to compensate for possible quality scrap of 6%, 12 more lengths than 
ordered are produced. The total number of cut lengths are then 212, and the cor- 
responding number of billets is: 

212/6 = 35.3 

Hence, 36 billets must be ordered and the gross material mass will consequently be: 
36 x 44.18 = 1614 [kg] 

• The net mass of the sections delivered to the customer is, however, only: 

200 x 6 x 1.18 = 1416 [kg] 

• The yield, which is the gross mass of the material divided by the delivered mass is 
then 


1416 

1614 


= 0.877 = 87.7 [%] 
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• The total production time should then be calculated. 

The run out speed of the press for this particular alloy and geometry is found to be 36 
m/min or 0.6 m/sec. The additional time spent pr charge on reaching the desired run 
out speed, the acceleration time, is found to be 7 sec. Since the length of the billet 
(38 m) is known, the total time of a press cycle can be calculated to be: 

38/0.6 + 7 = 70 [sec] 

The dead cycle time then has to be assessed. The time spent on cutting of the discard 
after extrusion, inserting a new billet and performing the burb cycle is found to be 1 5 
sec. If one expects no additional unexpected stops, one only has to add the time spent 
on changing the die prior to extrusion. For this particular press this is found to be 1 80 
sec. The total production time without any unpredicted stops and delays is then: 

(70 + 15)36 + 180 = 3240 [sec] = 54 [min] = 0.9 [hr] 

• The productivity is viewed as the net mass delivered divided by the total extrusion 
time and can optimistically be calculated to be: 

1416/0.9 = 1573 [kg/hr] 

• Finally a calculation of cost has to be performed. 


The material cost of the billet is set to 1 .5 US$/kg. Production cost is in this example 
found to be 50 USS/min and the die cost for the order is USS 2000. The total cost 
respectively without and with the die cost is then: 

1.5 x 1614 + 50 x 54 = 5121 [USS] 5121 + 2000 = 7121 [USS] 

The corresponding costs pr m section delivered can be calculated: 

5121/1200 = 4.27 [US$/m] 7121/1200 = 5.93 [US$/m] 

Finally, the cost pr kg delivered section is: 

5121/1416 = 3.62 [US$/kg] 7121/1416 = 5.03 [US$/kg] 

The same die can often be used in several production orders. If all die cost is placed 
on the first order, one can produce the next orders without any die cost. Maintenance 
cost of the die is included in the production costs. 

2.5 Measures of Section Quality 

2.5.1 Process Variability 

The aluminum extrusion process is unique in the sense that it offers the possibility to 
produce almost ready to use profiles of high quality and with large functional 
freedom at a relatively low cost. The product quality, which in the very end will 
be judged by the product’s ability to satisfy customer demands, relies heavily on 
the restrictions imposed on design by the process itself. Purely geometrical consider- 
ations indicate that profile dimensions necessarily will be limited by the press 
capacity and size, and it is known that material flow also puts restrictions on both 
wall thickness and changes in such. However, product quality is probably to the 
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largest extent affected by the mere variability in chemical composition, 
microstructure, geometrical dimensions, mechanical properties and surface finish 
over the length and width of the profile. Such variations are connected to the tran- 
sient nature of the extrusion process and the difficulties to establish a system of 
measurement and control of important parameters during the press cycle. Changes 
in temperature, deformation history and material composition of the extruded pro- 
file will be encountered both during the course of a press cycle and from one billet 
to another. Furthermore, both production parameters and dies have to be changed 
in order to extrude different aluminum alloys due to the fact that both their 
metallurgical and thermomechanical properties may differ considerably. If attention 
is not paid to controlling the material flow in the factory, the production of profiles 
with uneven and thereby also inferior properties will ultimately lead to either 
the distribution of products of poor quality or to low productivity due to excessive 
scrapping. Therefore, most producers of aluminum profiles stress the use of 
house-keeping and have established routines for production of profiles of different 
alloys based on experience. However, in order to make proper use of such routines 
sufficiently reliable and consistent, measurements of production parameters such 
as temperatures and pressures have to be obtained. This task is not easily performed 
due to the noise inherent in the process. 


2.5.2 Dimensional Variability 

In order to make a direct assembly of extruded profiles possible, the characteristic 
dimensions of the product such as straightness, thickness, height, width, length 
and angles have to be made within sufficiently narrow tolerances. Dimensional 
variability is to a certain extent always existent and often in the order 0.25 mm 
on thin-walled profiles. Open or partly open profiles tend to experience larger vari- 
ation than closed ones, whose die construction is more robust. Based on experience 
with when the process can be expected to be under control, tolerance on wall 
thickness is often set to be around 10% of the nominal measure. Measurement 
of profile dimensions is usually implemented as a standard procedure at extrusion 
plants. 

Table 1 which is taken from the German standard DIN 17615, gives an indi- 
cation of within which tolerances the open profile in Fig. 11(a) can be delivered. 
Thickness variations may be caused by the changing deflection and temperature 
of the die during a press cycle. Another cause of thickness variations is wear. In 
the case of large production series, dies are often bought from die manufacturers 
with too narrow bearing surfaces as to compensate for future wear. Furthermore, 
dies are also produced within certain tolerances, although somewhat narrower than 
those of the profiles. As a result of both these factors, die changes may cause vari- 
ation in profile geometry. A last reason for variation in wall thickness is the 
deformation of dies through fracture when extruding hollow profiles. This is caused 
by uneven loading, which very often is a result of flow imbalance and is most com- 
mon when extruding alloys of higher flow resistance such as for instance the 
7XXX-series. Fracture need not always immediately be fatal, and the presence 
of a crack may very well lead to a gradual reduction of the die strength and increasing 
deviation from nominal thickness. The presence of a crack combined with flow 
imbalance will also often result in thickness variations along a wall. 
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Table 1 Tolerances on Section Thickness after DIN 17 615 


Measure of thickness, s, 
from [mm]: 

Measure of thickness to 
[mm]: 

Allowed deviation [mm]: 

— 

1.5 

±0.15 

1.5 

3 

±0.20 

3 

6 

±0.25 

6 

10 

±0.30 

10 

15 

±0.40 

15 

20 

±0.50 

20 

30 

±0.60 

30 

40 

±0.70 


Variation in height and width of the profile may be due to variation in manu- 
factured die dimensions or wear. However, larger deviations will be measured if 
profile walls are curved. In this case, tolerances are set with regard to the maximum 
curvature that can be accepted. The curving of profile walls is often a result of 
varying flow velocity across the profile, which again is due to variation in wall 
thickness and friction conditions in different parts of the outlet of the die. Table 
2 shows tolerances with regard to curvature of walls in the profile given in Fig. 11(b). 

Prior to stretching operations profiles very often have a certain curvature, a 
warping, in the direction of extrusion (Fig. 11(c). This is often also a result of 
variations in flow velocity in the profile, but can be caused by the uneven cooling 
rates of walls with different thickness. DIN 17615 gives tolerances on the deviation 
from straightness as a function of length as given in Table 3 and Fig. 11(c). Flow 
imbalance may also lead to twisting of the profile along the extrusion direction. Fig. 
11(d) and Table 4 show that this deformation is often measured as a distance, v, 
which can be taken to be a function of both the length and the width of the profile. 

Even though the height, width and thickness of a profile may be within 
tolerances, assembly may be hindered by deviations in angular measures as shown 
in Fig. 11(e). Direct measurement of angles on the profile is most easily done with 
the help of electronic equipment, but is relatively time consuming in comparison 
with simpler mechanical methods. DIN 17615 proposes the use of the length w 
as a measure of angular deviation and this can be taken as a function of the profile 
width as seen in Table 5. 


2.5.3 Variability in Surface Properties 

High surface quality is usually obtainable when extruding aluminum profiles, and the 
combination of a very even surface, outstanding optical properties and large 
corrosion resistance makes the use of aluminum preferable to for instance steel 
in many applications. However, surface quality is extremely dependent on die design, 
billet quality and extrusion practices in general, and a series of surface defects may 
develop if proper attention is not paid to controlling the process [7]. Given the excess- 
ive noise in extrusion equipment, it is not always possible to sort out the causes for 
defects, and very often several different error mechanisms may be operating 
simultaneously. 
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(a) " ' "*! (b) 





Figure 11 Measures of geometrical deviation: (a) Wall thickness; (b) Curvature of walls; 
(c) Profile warping; (d) Profile twisting; (e) Angular deviation. 


Corrosion properties are related to the content of different alloying elements, 
in particular Cu, and are therefore mostly dependent on the properties of the billet. 
However, by extruding with the wrong parameters changes in chemical composition, 
grain sizes and surface roughness may be unfavorable to corrosion properties. 

Die lines and pick ups are common surface defects shown in Fig. 12(a) and (b) 
and give an indication that the profile surface is formed in the presence of hard 
and uneven attributes or particles in or around the bearing channel. Rough and 
worn out dies or abrupt changes in bearing lengths may be the cause, but it 
may just as well be that oxide build-ups behind bearings or hard particles from 
the billet cause the defects. In the first case dies should either be polished and nitrided 
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Table 2 Tolerances on Transversal Curvature after DIN 17 615 


Measures of width of wall, 
b, from [mm]: 

Measures of width of wall, 
b, [mm]: 

Tolerance on straightness, e, 
[mm] 

— 

40 

0.20 

40 

60 

0.30 

60 

90 

0.40 

90 

120 

0.45 

120 

150 

0.55 

150 

180 

0.65 

180 

210 

0.70 

210 

240 

0.75 

240 

270 

0.80 

270 

300 

0.90 


Table 3 Tolerances on Longitudinal Curvature on Profile after DIN 17 615 


Length to 

1000 

2000 

3000 

4000 

5000 

6000 

Above 

1 [mm] 








Tolerance 
h [mm] 

0.7 

1.3 

1.8 

2.2 

2.6 

3.0 

3.5 


Table 4 Tolerances on Profile Twisting after DIN 17 615 (all measures in mm) 


Width, b 
From: To: 

Length, 1 
0-1000 

1000-2000 

2000-3000 

3000-4000 

4000-5000 

5000-6000 

— 

25 

1.0 

1.5 

1.5 

2.0 

2.0 

2.0 

25 

50 

1.0 

1.2 

1.5 

1.8 

2.0 

2.0 

50 

75 

1.0 

1.2 

1.2 

1.5 

2.0 

2.0 

75 

100 

1.0 

1.2 

1.5 

2.0 

2.2 

2.5 

100 

125 

1.0 

1.5 

1.8 

2.2 

2.5 

3.0 

125 

150 

1.2 

1.5 

1.8 

2.2 

2.5 

3.0 

150 

200 

1.5 

1.8 

2.2 

2.6 

3.0 

3.5 

200 

300 

1.8 

2.5 

3.0 

3.5 

4.0 

4.5 


Table 5 Tolerances on Deviation from Straightness of Angles 


Width, b, from [mm]: 

Width, b, to [mm]: 

Tolerance deformation, w 

_ 

40 

0.3 

40 

100 

0.6 

100 

300 

0.8 
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Figure 12 Visualization of various surface defects. 




Figure 13 Detail from a porthole die: An area of relief may be found behind the bearings. 


[8,9] or scrapped. Oxide build-ups behind bearings are often the result of a too small 
relief area (Fig. 13), and this phenomenon can be reduced by either increasing the 
relief or the use of nitrogen shrouding behind the bearings in order to avoid the 
oxidation. Flard particles in the extruded sections often originate from oxidized 
and even dirty material on the billet surface even when performing direct extrusion. 
Inflow of material from billet surface will take place if the container temperature 
is too high, causing a low yield resistance and easy flow of surface material [10]. 
Inflow to the bearing channel may also take place if a too large profile is extruded 
or the container is misaligned so that surface material may flow directly out of 
the bearing channel. Hard particles may also exist in the interior of the billet if 
it is not properly homogenized, or, in the case of 6061 and 6063 alloys, the iron 
content is high so that AlFeSi particles are formed. As to complicate matters further, 
research has shown that the presence of die lines will be heavily dependent on the size 
of the bearing angles when defects are caused by AlFeSi particles. 

The profile surface may contain blisters as shown in Fig. 12(c), which may be 
inclusions of air, oxides or even oil. Such blisters degrade surface appearance 
and mechanical properties, and when the profile is cooled, blisters may also crack, 
creating a distinct sound and causing open holes in the profile surface. They 
may be a result of inflow of material from the surface of the billet or inclusions 
that are already contained in the interior of the billet prior to extrusion. However, 
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blisters containing air, are often caused by air trapped in the container due to too fast 
upsetting or air trapped in hollow porthole dies prior to extrusion. Hence, they may 
very often be found close to the forward part of the profile or charge welds. When 
extruding light metals, lubricants are not used. Contamination of oil must therefore 
be avoided. Lamination is also a result of contamination and should be avoided 
in order to preserve both mechanical strength and in some cases also appearance. 
This phenomenon may be a result of inflow of oxidized and contaminated material 
from the surface or from the charge weld. 

Sometimes, when studying an extruded aluminum profile, areas of different 
shades of gray color may be detected. This surface defect is called structural 
streaking and is a result of varying reflective properties across the surface. While 
streaking seldom will be a reason for scrapping the material, efforts are often made 
to extrude under conditions that give even optical properties. This is especially 
the case if surface treatments such as etching and/or anodizing are to be employed 
since these processes tend to accentuate streaking. Streaking is a result of variations 
in grain size and grain orientation of the finished product, and three somewhat dif- 
ferent types have been identified. These are streaks caused by variations in bearing 
surfaces, variation in temperature, amount of hot work and recrystallization. 
However, as streaking in general is a result of the whole thermo-mechanical and 
metallurgical treatment of the material, it is not always possible to differ between 
the different types. So-called bearing streaks are often due to uneven bearing 
surfaces, having created depressions in the profile surface. Hence, light is reflected 
in different planes and streaks are only visible when viewed from specific directions. 
A type of combined bearing and grain size streaking is caused by sudden shifts 
in bearing lengths due to varying profile thickness. Apart from leading to problems 
connected to filling, such a die design will give abrupt changes in grain sizes and 
orientations and also reflective properties over short distances in the profile. 
Furthermore, as the amount of heating is varying, the temperatures and the degree 
of recrystallization may also be expected to be changing. Oxide streaks can be 
recognized as dark streaking areas of varying width and intensity on etched or 
anodized parts. The presence of such streaks is linked to the inflow of oxidized 
material from the billet surface to the bearing channel. Oxide streaks will be avoided 
if inflow is hindered. In general, structural streaking will be less of a problem if 
material in all parts of the profile cross-section undergoes much of the same 
thermo-mechanical loading. Furthermore, experience has shown that a minimum 
degree of choke on bearings should be sought in order to reduce variation in 
reflective properties. 

Cracking or tearing of the extruded profile is experienced when process control 
is lacking. If the temperature of the extruded metal on the bearings is too high as a 
result of preheating of billet or high extrusion rate, partial melting of Mg 2 Si particles 
will take place [11]. Thus, cracking of profile surface or so-called hot tearing may be 
the result. If cracks develop in the die or pick-ups are created through insufficient 
clearance behind bearings, edges may be torn. 

Surface quality is often also reduced through scratches and gouges asserted in 
material handling processes on the run-out table, lift-overs, walking beams, saw 
tables or in stations for packaging and stacking. Efforts must be made so that profiles 
are not damaged in transport. Great emphasis has been laid on establishing best 
practice in handling materials and on securing that equipment used can cause mini- 
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mal damage. However, due to the large variability in profile geometry and the great 
demands on material handling, many operations must be performed manually at 
high costs. 


3 APPLICATIONS, ALLOY SELECTION AND DESIGN CONSIDERATIONS 

By developing products out of materials found in nature mankind has managed to 
differentiate itself from the animals. The fact that historians have tended to denote 
periods by the names of the materials found in the tools and other equipment of 
the times, indicates that one assesses the use of materials to be of prime importance 
to human life. Today, one recognizes the stone, bronze and iron age, but not 
surprisingly, when dealing with the present, the determination of the material with 
the greatest importance turns out to be harder. Some emphasize that relatively 
new materials such as plastics are omnipresent and have brought enormous changes 
to human life over the last decades while others maintain that the increasing use of 
computers marks the entrance to the silicon age. However, the fact still remains 
that iron in the form of steel even today by far is the most favored material for 
most applications. The strongest contender of the metals is aluminum, but as 
for volumes produced, steel is about 20 times larger. So, in spite of the several indus- 
trial revolutions that have taken place in last century, it may still be claimed that the 
contemporary period is the one that was allegedly introduced by the Hittite devel- 
opment of iron around 1300 BC [12]. 

3.1 Product Development 

Innovative thinking is maybe the one most important virtue of a designer, but if ideas 
are to be transformed to innovations, proper use of knowledge of and experience 
with both design principles, processes and materials is mandatory. In fact, modern 
product developers often stress that focus must not be placed on the mere functional 
properties of the product and the ability of the product to satisfy consumer’s 
demands, but also on the chain of processes from raw material to components, 
joining, surface treatment and assembly. Obviously, a quality product will not only 
be satisfactory to the user, but also to the producer in that it creates possibility 
to generate a surplus. 

Three aspects are of equally great importance when creating a new component 
that is to satisfy the user’s notion of quality. In Fig. 14 product development is given 
as a combination of function, production and material. The functional side is linked 
to the transforming of new concepts of for instance physical or structural origin to 
products that are of lasting value to the user. The goal for the production system 
is to establish processes and routines so that new products can be manufactured 
within calculated costs and time limits. When developing a new product one should 
attempt to make use of possibilities offered by manufacturing systems to forward 
functionality rather than letting the system impose restrictions or additional cost. 
Obviously, when having decided on a concept, the most optimal production process 
should always be sought. However, one should also bear in mind that manufacturing 
processes automatically offer new degrees of functionality to the product. Therefore, 
the alternative candidates of production methods should be evaluated at a very early 
stage in the design process. 
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Figure 14 The Life-Cycle-View (LCV) of a component. 


Another fundamental aspect of product development is the use of materials. 
Traditional use of materials is limited to choosing on the basis of only certain tab- 
ulated data such as yield limit or tensile strength and, in some cases, corrosion 
properties, and often due to limited knowledge of alternative materials, steel is 
the most favored material for most constructional applications. However, materials 
should not only be chosen, but also designed so that both functional demands 
are satisfied and so that production is simplified. For a long time, more advanced 
users of materials, such as the aircraft industry, have realized that optimal solutions 
only can be reached by making use of the whole specter of new materials and by 
obtaining knowledge about and manipulating the microstructure. In this way, 
the design process has been brought all the way down to atomic level, thus spanning 
more than ten orders of magnitude (Fig. 14). Over the last decade it has become 
apparent that thorough knowledge of material properties is prerequisite in almost 
all design work and that the traditional practice neither is in accordance with cus- 
tomers demands nor international standards. 

As shown in Fig. 14 product innovation is taking place in parallel to innovation 
connected to the properties of process and material. New or improved materials or 
processes will increase possibilities to create products with new functions or improve 
older products. As shown, a large number of fields of research will in one way or 
another contribute to the development of new and better products. As the possibility 
to improve products increases, so does consumer demands to quality. While factories 
earlier could produce and sell enormous numbers of standardized goods with often 
inferior quality, today’s consumers demand products with which they can identify 
themselves, and which are virtually perfect. An example of enterprises which meet 
such demands each day are of course those of the automotive industry. 

Furthermore, one has over the last couple of decades witnessed an increasing 
consciousness of environmental protection and sustainability, and in the very recent 
years, this emphasis has not only focused attention to cleaner production, health and 


Marcel Dekker, Inc. 
270 Madison Avenue, New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 




406 


Steren and Moe 


safety within the individual production plant, but also on the product life cycle and 
loop closing of products, components and materials. A consequence of the interest 
in including industrial ecology and ecodesign into industrial practice is that import- 
ant new concepts and methods are under development [13]. They are Life Cycle 
Assessment (LCA), Life Cycle Cost (LCC), eco-efficiency and eco-effectiveness. 
It is not possible to go into these concepts here, but the combined ecologic and econ- 
omic life cycle performance of products and processes will probably be among the 
more important features of successful products and processes in the years ahead. 
Thus, it seems natural that the designer must think more in terms of establishing 
life cycle systems than isolated products. Innovations for exploiting the life cycle 
merits of aluminum alloys should be the hallmark of aluminum components and 
structures. Figure 14 shows a Life Cycle View (LCV) of a component, placed in 
a life cycle time scale (abscissa) and an order of size scale (ordinate). Here the inter- 
actions between the details and the whole are visualized, so that critical success par- 
ameters can be identified more easily. Very often one sees that successful 
products are a result of combined innovations of process, material, product and 
production. 

In the UNEP-manual [14] van Hamel has designed a so-called “Ecodesign 
Strategy Wheel” (ESW) as a tool to formulate strategies for improvements of econ- 
omic and ecological performance of products, processes and practice, both in a short 
term and in a long term perspective, Fig. 15. An existing product is used as a present 
time reference of improvement (improved eco-efficiency) and a scenario of a possible 
future sustainable society as the goal to strive for (measure of eco-effectiveness). It 
may be useful to see the connection between the Figs. 14 and 15. The Life Cycle 
View (LCV) can be transformed into the Ecodesign Strategy Wheel (ESW) by bend- 
ing the LCV into a cylinder and view it from above. Fig. 16. 

As can clearly be seen, the work of the product developer is both getting 
increasingly difficult and challenging, and greater demands are placed on his 
or her ability to master all aspects of the product development process. Innovative 
thinking and a well documented understanding of customer’s needs will of course 
still be at the center of attention, but the model discussed may be an important 
tool when establishing an integrated method of product development, which 
in any way is bound to take function, production and material aspects into 
account. 

Table 6 gives an overview of extrusion based systems and components and 
the generic alloy selection for the different applications areas. With a generic alloy 
selection here one understands an alloy, generally used for the specific application, 
which will be available in most markets and with properties best documented. It 
should then be the alloy first selected by the designer, and only be changed if 
special combinations of properties, not found in the generic alloys, is needed. 
It is then important to contact potential suppliers of the section to ensure that 
the alternative alloy is available to acceptable price and with properties 
documented. A short description of some typical products in these main appli- 
cation areas are given below. It is recommended, however, to actively collect in- 
formation brochures and inspiration material from aluminum producers, 
extrusion plants and final product manufacturers as basis for understanding 
the rich diversity of design solutions based on extruded aluminum rods, tube 
and sections that is possible [15]. 
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Figure 15 The Ecodesign Strategy Wheel (ESW) with (a) reference product profile; (b) 
Short term development strategy; (c) Long term development strategy. 


3.2 Designing with Aluminum Sections 

Even though one may find that the ideal material to be used for a product is alumi- 
num and that manufacturing should take place in the form of extrusion of profiles, 
there is still great freedom with regard to the functions that the product could fulfil 
[16]. Aluminum profiles are used in a number of applications, and the following 
five groups may be identified; 

• Buildings, architecture and furniture 

• Structural 

• Transport 

• Heat exchangers and electrical conductors 

• Durables and Mechatronics 
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eco design strategy wheel 
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Figure 16 Two aspects of life cycle thinking. 


A short listing of some typical products in these main application areas is given 
in Table 6. Although profiles are produced as long beams, and thus, originally only 
contain variations in two dimensions, forming or cutting processes may be used 
to modify the product so that parts with variations in all three directions may 
be obtained. Furthermore, as a large number of alloys with a specter of properties 
have been developed, the choice of aluminum puts very few limitations on design. 
It is recommended to actively collect information brochures and inspiration material 
from aluminum producers, extrusion plants and final product manufacturers as basis 
for understanding the rich diversity of design solutions based on extruded aluminum 
rods, tube and sections that is possible. 

Aluminum is at the present undoubtedly one of the most popular engineering 
materials. Its popularity is mirrored by the fact that the metal, in terms of volumes 
produced, is second only to steel and as large as all other non-ferrous metals com- 
bined even though it was first introduced only about 100 years ago. The reason 
for the material’s enormous success lies in its thermal, mechanical and electrical 
properties, or in short in its microstructure. Aluminum is light, but some of its alloys 
are able to compete with comparable steel alloys in terms of both yield limit and 
tensile strength. At the same time much less effort is needed in hot forming of alumi- 
num than of steel with the same yield limit at room temperature. This is due to the 
fact that aluminum has a rather low melting point and that hardening processes, 
such as aging, are taking place. Furthermore, even though Young’s modulus of 
aluminum is only 1/3 of the modulus of steel, aluminum beams can be stiffer than 
steel beams of the same weight due to the fact that aluminum is lighter than steel. 
The ratio of Young’s modulus to weight is about the same for the two materials, 
but such a comparison is unfair to aluminum because the lower density offers 
the opportunity to place material at farther from the neutral axis, thus creating 
larger momentum. Aluminum is also a very efficient conductor of both heat and 
electricity. Because an undamaged and untreated surface reflects almost 90% of vis- 
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ible incoming light, aluminum exposed to direct illumination will be extremely resist- 
ant to heating. This makes the material useful for structural purposes. If, however, 
aluminum attains higher temperatures elongation will be larger although thermal 
stresses will be smaller, a result of aluminum’s higher thermal coefficient of 
elongation but lower elastic modulus. One of the appealing characteristics of many 
aluminum alloys is a high corrosion resistance. 

Over the last 30 years questions have been raised as to whether the pro- 
duction of aluminum is in accordance with the principles of a sustainable devel- 
opment and related thinking. The major concern has been that although 
aluminum is the most common metal on earth, so called high-grade deposits 
of bauxite are to a certain extent limited. Another objection has been related 
to the large amounts of energy needed to produce primary aluminum. The alumi- 
num industry has responded by developing LCAs and by modifying and improving 
the Bayer process so that it accepts bauxite that was formerly assessed as 
low-grade. However, it turns out that recycling of aluminum is a result of market 
mechanisms and the properties of aluminum and not of state legislation as is 
the case for plastic materials and to a certain extent steel [17]. The fact that a 
much larger amount of energy is needed to produce primary aluminum from 
raw material than secondary metal through remelting, makes efforts invested 
in recycling highly profitable. One is today talking about an aluminum bank, which 
exchanges metal with the market by selling finished products and buying scrap. A 
closed loop has long ago been established. At present, about 30% of the material 
going into new components is of secondary kind. The driving force in the material 
bank is of course energy, usually supplied by hydroelectric power plants. Had 
it not been for human interference aluminum in the form of pure metal would 
be non-existent in nature as the spontaneous process of oxidation through the times 
have degraded all material, leaving only AI 2 O 3 . Large amounts of energy are 
needed to extract metal from its oxide. Hence, aluminum metal might be looked 
upon as an energy investment. As questions are raised regarding the soundness 
of using energy producing metal one has to assess the alternatives, that is merely 
comparing energy investments. Much smaller energy investments are done when 
producing steel, but one might say that the oxide layer of aluminum represents 
a more secure bank than steel does. However, by employing light metals in, 
for instance, the transport sector one can obtain reductions in fuel consumption, 
which is the equivalent of being paid back on the initial energy investment. In 
structural applications the payback on the energy investment can not so easily 
be detected, but if the need for maintenance or use of materials can be reduced, 
energy is eventually saved. This analysis should be an integrated part of the 
LCA and product development process, and the designer should always ask 
whether energy can be gained by applying aluminum in a construction. In the air- 
craft industry a conclusion on this question was reached, if not formally, but 
at least intuitively, already in the 1920 by the construction of the world’s first 
aluminum aircraft Ju-7. Today, airframes consist about 70-80% by weight of 
aluminum, of which a large part is in the form of profiles. In other parts of 
the transport industry demands for lightweight have until recently not been that 
strict, but as environmental issues are pressed and competition is increasing both 
with regard to prices and velocity, new materials and concepts are brought 
forward. Examples of just this are the employment of aluminum in high-speed 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Extrusion 


411 


trains such as the French TGV duplex, the German Maglev system and the 
Japanese superconducting Maglev system. Changes are even taking place within 
shipping, which traditionally has been viewed as a notoriously conservative 
enterprise. Passenger transport have already for some time been carried out by 
aluminum-intensive fast ferries, and so-called high speed surface effect ships 
for transport of goods are also under development. As aluminum frames are being 
employed to a greater extent in both buses and commercial vehicles, the next 
breakthrough is expected to take place in the automotive industry. However, even 
though LCAs are performed in this industry, consumers still tend to look more 
at the initial cost than costs related to use. Hence, the lightweight solutions 
are not sought as vigorously as in the other branches of transport industry. 
New cars contain about 70 kg of aluminum parts, and smaller production series 
of more expensive cars have been made with so-called space-frames of aluminum. 
Such frames comprise the structural elements of the car. 

In connection with material forming, one should notice that aluminum is 
unique in the sense that it can be extruded to a beam with a cross section of almost 
any form, open or hollow. Due to the large forces that are generated when extruding 
steel, geometrical forms must be kept simple and only smaller reductions in sizes of 
cross sections can be obtained. Another light metal, of which some use has been 
made in for instance the automotive industry, magnesium, is less extrudable due 
to its hexagonal close packed structure. 

A world of new opportunities with regard to functionality and form arises 
when designing with aluminum profiles. In all there are very few limitations to 
the forms that can be produced by extrusion of aluminum, the largest problem being 
that variations in geometrical features are only two-dimensional in nature. However, 
beams may be given different lengths and profiles can also be altered by the processes 
of bending and hydroforming. Therefore, fully three-dimensional structures as the 
space-frame of a car or a window frame may be designed. The case in the following 
chapter gives an example of a simpler but successful design that managed not only 
to satisfy the original demands imposed on functionality, but also to incorporate 
other useful functions. This is a result of the freedom that aluminum, as a light metal, 
and extrusion, as a versatile process, offer. The most serious restrictions encountered 
in the design process, are caused by designer’s experience with steel constructions. 
Steel products comparable to extruded profiles are manufactured in standardized 
forms and dimensions, and a steel design will often be an assembly of a series 
of such parts. Machining operations must be applied in order to impose 
modifications. Even though aluminum profiles of standard shapes are sold, it is 
usually better to think in terms of new profile designs better suited for the appli- 
cation. Extrusion tools are relatively cheap to produce. The prices of open dies 
can be expected to range from $1000 to $2000 while hollow dies will be more 
expensive, from $1500 to $4000. Tools for complicated profiles will naturally be 
manufactured at higher costs. 

However, if profiles can be made so that machining, welding and assembly 
operations can be avoided, investments in dies may be worthwhile even for smaller 
production series. Hence, the development of tailor-made products may prove to 
be cheaper than mass production of standardized products with simple shape. This 
fact indicates that the extrusion process is well adapted to consumer’s demands 
and their notion of quality. 
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Figure 17 Joining of sections by the use of snap solutions. 


As for functions that can be integrated in a profile, limitations are only imposed 
by the human imagination. An example of a function that is in common use is the 
locking mechanisms, which simplifies assembly and reduces the number of parts 
needed in the design. Generally, such a solution also reduces the cost of the product 
and is often necessary to secure competitiveness. Figure 17 displays examples of 
various locking devices. The basis for all these is aluminum relatively low modulus 
of elasticity. 

Cast and extruded aluminum parts complement each other in most 
applications, but if both processing methods can be used to produce a part, extruded 
products are usually preferred. Tools needed for casting operations are more expens- 
ive than dies, and the production rates of the two processes are not comparable. This 
indicates that wherever possible, solutions including profiles should be sought. 
Another reason for choosing profiles to cast products is that wrought alloys usually 
have better mechanical properties than cast alloys. This is partly due to defects 
created during casting and partly to the fact that cast alloys contains large amounts 
of silicon and copper, which cause a heterogeneous structure with brittle secondary 
faces. In general cast alloys have lower elongation and strength, especially in fatigue. 
The progress in improving casting alloys and controlling the casting process in the 
recent years, however, has been impressive, both for aluminum and magnesium allo- 
ys, as well as for steel. The designer should therefore take care to make process 
selection based on the present state of the art. 

Alloy development is the subject of continuous research. By systematically 
varying the content of different alloying elements improvements in properties such 
as tensile strength, ductility, fracture strength, fatigue strength, corrosion resistance 
and formability are sought. At present about 350 wrought alloys are commercially 
available, but not all of these are interesting from a designer’s point of view. While 
the aluminum industry must continuously seek alloys with improved properties, 
the designer should concentrate on a group of so-called generic alloys. On Table 
6 an overview of extrusion based systems, components and the generic alloy selection 
for the different applications areas is given. A generic alloy selection is taken to be an 
alloy, which is generally used for the specific application, is available in most markets 
and has properties that can be expected to be thoroughly documented. It should be 
the alloy preferred by the designer, and the choice should only be changed if special 
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combinations of properties, not found in the generic alloys, are needed. It is import- 
ant to contact potential suppliers of the section to ensure that the alternative alloy is 
available to acceptable price and with properties documented. When choosing par- 
ticular alloys one must also remember that an alloy, which is optimal with regard 
to all properties, does not exist. Alloys with high yield and tensile strengths are 
usually harder to extrude, thus resulting in lower production rates (Fig. 18), higher 
prices and limitations on product geometry. Thin-walled sections of high strength 
material are for instance not extruded easily. Some alloys are also in possession 
of relatively low corrosion resistance even though mechanical strength may be high. 
The group of generic alloys should contain elements that can be used for most 
applications. 

Profiles containing precipitation hardening alloys are relatively easily formed, 
but gain high strength after heat treatment. This explains why about 80% of all 
extruded products are made of the 6XXX-series of alloys. Members of this group 
can gain from medium to high strengths. High extrusion speeds and very high pro- 
ductivity can be obtained when extruding the alloys with medium strength. 
6XXX-alloys are generally relatively corrosion resistant, but this property is both 
dependent on the chemical composition and the thermal treatment the material 
has undergone. While the alloy 6060 contains limited amounts of magnesium 
and silicon and is of only medium strength, tensile strength the high alloy metal 
6082 has a tensile strength of about 340 MPa at room temperature in the 
T6-condition. 

For sections that are not carrying loads the 6XXX-series is the natural choice. 
In such cases even the 3XXX and 1XXX may be applied as these alloys are in pos- 
session of superior corrosion and conduction properties. If a product is designed 
to carry loads, different 6XXX-alloys may still represent alternatives, but one should 


Strength (tensile/yield) [MPa] Minimal wall thickness [mm] 


AIZnMgCul ,5 



Figure 18 Relation between material strength, minimum wall thickness and 
extrudability/press velocity. The results apply only to a section with a specific geometry, 
but similar curves may be established for all profiles. 
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always evaluate whether it is profitable to reduce weight by using alloys of higher 
strength. It has been found that both in structural applications and in many areas 
of transport designing with the 6XXX-series is most rational due to the low cost 
of extrusion. In some branches of transportation such as aviation and of course 
space flight the use of material with the highest strengths is mandatory. Production 
costs connected to extrusion will be substantial, but by decreasing weight or increas- 
ing the load capacity these expenses are soon covered. 

The strengthening mechanism of the 7XXX-series is also precipitation 
hardening, and as for load capacity and strength these alloys represent the next step 
on the ladder. In aerospace construction 7075 is a preferred alloy. The automotive 
industry has also made use of several of the 7XXX-alloys. However, the fact that 
dies will experience more wear and that extrusion rates will be lower for higher 
strength metals applies also to this group and is limiting its usefulness in most 
applications. The low extrusion rates will not only be a result of the material’s higher 
flow resistance, but also of a somewhat lower melting point of some phases. Besides, 
if the quench rate after extrusion is low, corrosion resistance will generally be 
unsatisfactory. Larger contents of copper are causing the high strength /low 
extrudability as well as the degraded corrosion properties. 

The 2XXX-series has traditionally also been used in aerospace construction 
and shows extremely good damage tolerance. It has both high fracture toughness 
and high resistance to fatigue crack propagation. As the 2XXX-alloys contain much 
copper, they tend to show low corrosion resistance. Important alloys are the 2X24 
[18] and the 2X19. The 2020 and 2090 alloys are so-called lithium alloys. For every 
weight percent of lithium added, the elastic modulus of the material is increased 
by 6% and the density lowered 3%. Hence, very stiff and light aluminum con- 
structions can be developed by the application of lithium alloys. Use has been made 
of such materials both in fighter aircraft and space shuttles, but only to a limited 
extent in commercial aircraft. Another important property of the 2XXX-series is 
that high strength can be obtained at relatively high temperatures. This, however, 
complicates extrusion, and products made of 2XXX-alloys are today mainly manu- 
factured in other forming processes. 


3.3 Limitations on Section Design 

Even though one should focus on possibilities when designing with extruded profiles, 
one is sooner or later bound to encounter the limitations that the process imposes. 
Evidently these limits are dependent on both the process equipment and practice 
and on the choice of material. If the process is not properly controlled or the design 
and choice of material is not in accordance with the choice of process, poor product 
quality will unavoidably be the final result. In the last part of the second section 
of this chapter some of the symptoms of low product quality were discussed, 
and their cause has and will be further discussed. Suppliers of extruded profiles have 
established general design rules, which can be used to secure that a design is in har- 
mony with the process. Some of these are general in character, while other are 
referring to specific dimensions and are necessarily dependent both on material 
and process equipment. However, apart from restrictions on the size of the largest 
sections produced, there are seldom any absolute limitations. Very few profiles 
may prove to be impossible to manufacture, but there is always the danger that 
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the quality or the price of the product may be unsatisfactory to the consumer. In 
order to develop a quality product, the designer must try reach production friendly 
solutions through discussions with experienced people at an extrusion plant. 

If full freedom in designing a functional product is to be obtained, no 
limitations should be placed on form. However, as will be understood from a study 
of flow patterns, a key word in relation to the process of extrusion is symmetry. 
Asymmetric profiles cause flow imbalance and necessitate complicated die design. 
Flow velocity in the cross-section must be controlled, and this often leads to 
low extrusion rates. Furthermore, as dies may experience uneven loading, there 
is an increased danger of fracture and unstable tools, especially when extruding 
higher strength alloys. Asymmetric profiles may also cause thermal gradients in both 
die and profile during cooling. Hence, not all parts of the profile will be given the 
same thermomechanical treatment, and the result of this is a loss of control with 
metallurgical processes in a product with large variation in both microstructure 
and properties. A last problem connected to asymmetric profiles is that possible 
bending and stretching operations may be more complicated to perform. Examples 
of deviations from symmetry are given in Fig. 19. The mass distribution over 
the profile cross section should not be uneven. Large ratios between the thickest 
and thinnest walls in a profile may also be difficult to handle, and large eccentric 
hollows also cause an unwanted flow pattern. 

Naturally strict limitations exist with regard to the size of the profile, and 
specific numerical values must be sought from the producer. If the profile has a 
too large circumference circle diameter, that is the smallest circle surrounding 
the profile, problems connected to inflow of material from the billet surface may 
arise. Furthermore, extrusion of large profiles is often synonymous with very open 
die designs, which usually are weakly supported, and in the case of hollow profiles, 
larger forces on the mandrel of the die are generated. The result will be larger 
dimensional variations and also poorer surface quality due to either die lines or 
streaking. On the other hand profiles with too small dimensions give larger press 
ratios. In this case the press may not be able to supply the needed force to generate 
the profile. The solution is then often to press several strands simultaneously in order 
to increase productivity (Fig. 5). 

Simplicity is another key word in almost all areas of production. This certainly 
also applies to the extrusion process even though its largest virtue maybe the complex 
profiles it offers. Both hollow profiles and profiles with large tongues tend to increase 
the complexity of the production, and thus should in fact be avoided if possible. Dies, 
which are made for such profiles, are more complex and necessarily also more 
expensive. However, the largest problem is that they tend to generate larger forces 
due to the restrictions they impose on flow, and that at the same time their weaker 
design gives them a lower load capacity. Die breakage and large deflections are 
usually the results. Dimensional variability and poor surface quality can usually 
be expected in such cases. The solution may often be that tongues are made with 
smaller length to width ratios so that they can be properly supported and that hollow 
profiles are made as two open sections, which later can be assembled. 

A lot of special forms and features are usually included in the extruded profile 
so that the product is able to perform a large number of functions. However, 
the addition of even small attributes may lead to large changes in both productivity 
and product quality, and one should always assess whether a feature is necessary 
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Figure 19 An extruded profile with a complex geometry. 


and whether it could be made in a more process friendly manner. Examples of fea- 
tures that are difficult to handle are: 

• Sharp corners may in some cases cause incomplete filling and in others 
tearing (Fig. 19). Besides, crack initiation and growth usually takes place 
in the parts of the die where sharp angles exist. Hence corners should always 
be rounded. The smallest radiuses that should be used are around 0.4-1. 0 
mm. Only for special purposes may a radius of 0.2 mm be applied. 

• Sudden steps in wall thickness and thus also the bearing lengths of the die 
should be avoided (Fig. 19). Two related types of flow problems will be 
the result of such changes. On the one hand, complete filling of the sharp 
corners around steps in wall thickness will be hard to perform if bearings 
are not carefully designed. On the other hand, streaking may be the result 
of microstructural differences caused by the abrupt change in the con- 
ditions of deformation and cooling from areas of large to small thickness. 
The solution to this problem is a gradual change from thicker to thinner 
regions. If this proves impossible, the streaking can be made less appalling 
simply by constructing a notch that may mark a natural border between 
thicker and thinner regions. However, this does nothing to decrease the 
problems connected to varying mechanical properties, and may in turn 
cause a larger flow resistance. 

• At a certain point extrusion of thin-walled parts will always represent a 
problem. For such parts friction forces are high, and flow speed is hard 
to control. The result may be incomplete filling of some parts of the 
cross-section and of course a need for greater extrusion force. If internal 
walls are too thin (Fig. 19), complete filling is even harder to obtain, 
and pressures in the welding chamber may not be sufficiently high to secure 
a proper weld. Weak or non-existent seam welds are both disastrous to 
profile quality and hard to detect. Hence, internal thin walls should be 
avoided. Often it may be better to use larger wall thickness to secure filling 
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even though material cost increases. Another problem with internal walls is 
that the whole die concept becomes weaker and that there is a greater 
danger of die breakage. 

• Details generally cause problems connected to flow balance and friction 
heating, and as a result, production rates are limited (Fig. 19). 
Furthermore, tearing of the surface and incomplete filling may be 
additional problems. Details that do not fill any functional purpose should 
therefore not be added to a profile. Obviously, one should try to design 
details sufficiently thick and not to long. At the same time corners must 
be rounded. One also ought to bear in mind that internal details are usually 
more problematic than external. 

Apart from these limitations on form connected to the process, there are a lot 
of others that are related to the use of the product. One such may for instance 
be that corrosion should be prevented by avoiding geometry that can lead to the 
gathering of water in the profile. Whereas designers who are not accustomed to 
working with aluminum profiles, easily may overlook one of the many restrictions 
imposed by both process and material aspects, the experienced ones will develop 
a product which integrates most of the aspects previously mentioned. However, 
to all designers, the establishment of a method of design that systematically incor- 
porates the treatment of all aspects of importance, is a necessity when applying 
aluminum for constructional purposes. 


3.4 Case: Helicopter Landing Deck on Offshore Platform 

Usually aluminum profiles are most competitive in applications where they must be 
designed to fulfil many functions at the same time. Helicopter decks on offshore 
platforms is such an application. On platforms, such as the tension leg platform, 
Snorre, in the North Sea, weight aspects are often critical. Furthermore, the 
corrosion properties of the material must be outstanding, as weather conditions 
are often very harsh. Originally, helicopter decks were made out of steel plates that 
were welded together and supported by traditional steel beams, but the solution 
was by far optimal. The construction has gradually been modified, and the aluminum 
deck in use today is about 60% lighter than the original one. By using profiles, large 
design flexibility has also been obtained, and many more functions have been 
implemented in the construction. It was expected that the surface construction 
of the helicopter deck should perform the following functions: 

• Carry structural loads 

• Carry concentrated loads 

• Carry torsion loads 

• Be simple to assemble 

• Prevent slipping 

• Lead away petrol and rain water 

• Allow circulation of air in order to prevent crevice corrosion 

• Lead fire extinguisher fluid 

• Lead deicing cables 
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Demands were that the helicopter deck had to be designed so that it could easily 
be fitted to the platform, and that it was constructed in accordance with regulations 
and standards. Evaluation criteria would be related to the weight and the strength 
of the construction and to corrosion properties. Furthermore, as almost always, 
the product had to be evaluated on the basis of life cycle cost. 

The original steel construction did not have the desired functionality, but it was 
able to carry the specified loads. Hence, when the first modifications in aluminum 
were made, the design was not altered but dimensions were changed to suit the 
properties of aluminum better. Of course modifications to dimensions can be done 
in a number of ways. If the length of the rung is kept constant the thickness of 
the profile may be increased about three times, resulting in a profile of the same 
weight and only marginally increased stiffness. A simple calculation can be made 
to show the effect of a uniform thickening of the whole profile. The geometry is 
shown in Fig. 20. The moment of inertia can be calculated to be: 

h = + \lh\h 2 + 6 hl hl) x wi - h\w 2 ) (1) 

For the steel beam both h\ and w 2 can be set to t , and h 2 and w, to /. This gives a 
moment of inertia equal to: 

7f= j^(5f/ 3 + 12f 2 / 2 + 8t 3 /) (2) 

Since the density of aluminum is about 1/3 that of steel the dimensions h\ and w 2 may 



Figure 20 Simple I-beam originally in use in helicopter decks and manufactured through 
the processes of rolling and welding. 
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be set to 3 1. This gives a moment of inertia of: 

l£ = ^(15r/ 3 + 108t 2 / 2 + 216t 3 /) (3) 

The stiffnesses that are obtained for steel and aluminum are respectively: 

W x s = ^ (15 1/ 3 + 36t 2 ! 2 + 24 ?7) (4) 

W* = ^(15t/ 3 + 108r/ 2 + 216 f 3 /) (5) 

E represents the elastic modulus of aluminum. Since / is much greater than t the first 
term will be dominant, and it can be seen that no large gains can be achieved by using 
aluminum in this way. However, a much larger increase in stiffness can be obtained if 
the rungs are made slimmer and taller and the flanges are designed thicker. If for 
instance hi and h\ are set to 3/ while the thickness of both flanges, and if the rungs 
keep the thickness t, the profile can gain a stiffness of: 

Wjf = ^(135 tl 3 + 108f 2 / 2 + 24 r 3 /) (6) 

Clearly, by intelligent design bending stiffness may be increased enormously. 
However, the calculations just made are extreme cases. Problems would arise if 
the last cross-section were to be used, both because the flanges could not carry 
the possible concentrated forces and because rotations due to torsion of such a sec- 
tion would be large. The torsion momentum would depend on the thickness of 
the section in the third power. The torsion stiffness of the original steel section will 
be about one third of that of the extreme aluminum section. The aluminum profile, 
however, will be more severely loaded due to the long flanges and rungs. The optimal 
cross section of the type given in Fig. 20 could be reached by maximizing both bend- 
ing and torsion stiffness with respect to the different measures. Such an analysis 
reveals that the use of aluminum profiles generally is preferable to the use of steel. 
However, when constructing with profiles even larger gains in torsion stiffness 
can be made by applying hollow profiles. By turning to extruded profiles much 
freedom in functionality can be obtained, and a positive side effect of this is that 
the profile may be given such a form that all the desired functions mentioned above 
can be fulfilled. Different stages in the development process are shown in Fig. 
21. The same figure shows the aluminum profile which is currently in use in platform 
decks in the North Sea. 


4 THE EXTRUSION PROCESS 

4.1 Describing the Conditions of Flow 

Traditionally, advances in extrusion technology have come as a result of experimen- 
ting. In fact, as the process has until recently been viewed as too complex to be 
understood in its entirety, the key to success in the extrusion business has been 
the establishment of a system of best practice based on experience gained through 
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Figure 21 The profile development process and the profile in use today. 

trial and error. Experiments are still expected to be an important element in 
establishing knowledge of fundamental aspects, and due to the large amount of noise 
in data received from extrusion presses, one can hardly expect to avoid errors, from 
which insight should be gained. However, the impetus for discovering and improving 
methods for predicting results a priori is large. Experiments are usually expensive 
and time-consuming, and practices such as die correction, which even to this 
day to a large extent is based on the experience of the workman, will most probably 
neither satisfy demands to productivity nor quality in terms of for instance 
dimensional variability. Hence, research is today focused on the development of 
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mathematical methods that are able to describe and thereby also predict both the 
macroscopic and microscopic changes taking place during deformation. In this 
way the manufacture of dies and the control of process parameters can be performed 
in such a manner that profiles will be produced within the narrowest tolerances and 
to a low cost. As extrusion is a process taking place in the presence of large 
deformations and at relatively high temperatures an establishment of such a math- 
ematical fundament is both a complicated and to a large extent a multidisciplinary 
task. A unified approach must link knowledge of metallurgical processes at high 
temperatures and strain rates with the continuum theories of rheology [19] or 
plasticity. Furthermore, as analytical results can hardly be obtained, the develop- 
ment of effective numerical procedures will be of greatest importance. Naturally, 
a thorough understanding and experience with all aspects of the process will also 
be a prerequisite for establishing a model. 

4.1.1 Experimental Studies of Flow 

Hot extrusion of aluminum is performed at temperatures from about 450°C to 
something above 600°C, depending on the melting point of the alloy. At these tem- 
peratures the material has a relatively low resistance against dislocation movement, 
and shear deformation will therefore be initiated when the extrusion force reaches 
a certain limit. The material then starts flowing out of the die and will permanently 
change shape. If homogenous deformation had taken place, the longitudinal logar- 
ithmic strain would be equal to In ( R ). Strains of magnitude e z = 4 are therefore 
not unusual as profiles quite commonly are extruded with reduction ratios of 50 
and above. In fact, strains may locally be much larger than this value as the 
deformation during extrusion is extremely inhomogeneous due to extensive shearing. 
During extrusion aluminum has the characteristics of a viscoplastic fluid, which start 
to flow when the stress reaches the yield limit, and the extrusion process itself will in 
principle be a forced unsteady flow through a reduction. Macroscopically, the flow 
field will be characterized by the local velocities, temperatures and stresses, for which 
values can be measured at the boundary between aluminum and container/die. 

The velocity field describes the particle velocities at all points in the container 
and bearing channel and, therefore, also the flow at all times. The rates of strain 
and rotation of particles may be of larger interest in the study of changes to 
microstructure during extrusion, but these quantities can be derived directly from 
the velocity field. However, due to the high pressure and temperature in the con- 
tainer, flow rates are extremely difficult to measure. Conventional flow meters 
are generally not constructed for the relevant conditions. Furthermore, the velocity 
field may be expected to be relatively complex and inhomogeneous, especially if 
complicated profiles are extruded. A few measuring points at the boundary would 
therefore not reveal all the characteristics of the flow. Only when the material leaves 
the die, can particle velocities be measured directly and easily. The flow velocity 
ought then to be approximately uniform across the profile cross-section, directed 
normal to the opening and of a magnitude equal to the reduction rate times the 
velocity of the stem. 

As hot aluminum behaves viscoplastically, the material will stop flowing when 
the extrusion force is relaxed so that stresses fall below yield. This property is import- 
ant because information about the total deformation of the material will be saved in 
its structure after extrusion. This is not the case for perfect fluids such as for instance 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



422 


Steren and Moe 


water, for which the measurement of total strains is of both minimal interest and 
impossible as the material deforms also when forces are removed. In order to estab- 
lish the deformation history during extrusion, one performs a number of tests which 
may be interrupted at various stroke lengths. This will provide information on the 
total deformation at different stages. If the velocity of the stem is known, the 
approximate flow rate and strain rate at each point may also be calculated. There 
are a number of variations of this technique, which bears the name viscoplasticity. 
Model materials such as wax, clay, plasticine or even lead have earlier been used 
extensively when simulating extrusion of aluminum [20], The billets are first parted, 
and a rectangular grid is applied on the surfaces of each half. The two parts are 
thereafter extruded together, and the distortion of the grid is in the end studied. 
The changes in geometry can be used directly to calculate strains and rotations. 
The use of model material is advantageous in that extrusion can be performed with 
a low force and that both the equipment and the model material are relatively cheap. 
There are, however, also a number of short-comings connected to such a use. It is 
always difficult to be certain that the material models the aluminum correctly, 
especially since temperature effects, which are totally neglected when using model 
materials, are known to be of large importance to the flow characteristics of 
aluminum. Furthermore, model materials are also susceptible to plastic deformation 
during post-extrusion treatment. 

The interest in model materials has over the last years fallen, as modeling of 
extrusion process has increasingly become the realm of finite element programs. 
However, the method described above may also be applied to the extrusion of alumi- 
num as shown in Fig. 22. The unmodified version of the technique works well for 
reduction ratios up to about 3, but at this point the material is so deformed that 
the grid may be erased locally, especially in shear zones. Valberg [21-24] has devel- 
oped an alternative method, which can be applied when extruding at much larger 
ratios. Some alloys of aluminum share mechanical properties even though their com- 
position may differ. This is the case for a number of AlMgSi and AlCu alloys, the 


«. 



Figure 22 The split billet technique applied on the extrusion of aluminum. The partial 
extrusion of a billet at a reduction ratio of about R = 2 is shown. 
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first group remaining gray, the second turning black when etched. Thus, the AlCu 
alloy may therefore work as a so-called indicator or marker material. By drilling 
evenly separated longitudinal and transversal holes in different parts of a plane 
of symmetry and inserting pins of indicator material, a grid is formed (Fig. 23). 
A certain portion of the billet is then extruded, and the aluminum is carefully 
removed from the container and die. By splitting the billet and profile along the 
axis of symmetry, grinding and etching, the deformation of the material is made 
visible (Fig. 24). A grid pattern may then be reproduced. By this technique metal 
flow may be investigated up to logarithmic strains of about £=10. 

The marker material technique has been applied in the study of porthole die 
extrusion [25], two-hole die extrusion [26], flow adjacent to bearing walls [27,28] 
and with a 3D-version [29] also in the study of more general flow patterns. However, 
the most easily analyzable results are provided by simple axisymmetric extrusion, 
which also has been the standard test case for earlier techniques. General theory 
connected to direct extrusion describes four categories of flow in the container (Fig. 
25(a)). These differ due to varying degrees of friction between metal flow and con- 
tainer walls. Only flow type B is of interest in the study of aluminum extrusion, 
the reason being that the other types either underestimate the influence of friction 
or assume inhomogeneous material behavior. After in depth study of flow patterns 
during both direct and indirect extrusion, Valberg [30] has proposed two new general 
flow patterns more in accordance with observations, flow types Ai and B[. Figure 
25(b) shows a typical grid on a partially extruded billet at various stroke lengths. 



Figure 23 The preparation of gridded billets in accordance with Valberg’s technique. 
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Figure 24 Determination pattern in a partially extruded billet, (a) Reconstructed 
deformation field; (b) The original patterns on the partially extruded billet. 
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Figure 25 (a) Classes of flow patterns during axisymmetric extrusion according to Pearson, 

Diirrschnabel and Valberg; (b) Experimentally determined flow pattern for direct extrusion of 
aluminum at various stroke lengths. 
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When studying such grids one must bear in mind that the extrusion process is tran- 
sient in its nature and that the deformation paths will change during extrusion. 
Whereas the initial deformation may be relatively homogeneous, deformation will 
in later periods be characterized by localized shearing. In the very end the direction 
of flow will even change as the material starts flowing in the radial direction towards 
the die opening. Figure 24(b) represents material flow at an early part of an inter- 
mediate period of almost steady state and reveals that the flow pattern will be 
strongly influenced by shearing towards the container walls. Hence, deformation 
can be viewed as inhomogeneous, and a number of distinct regions may be identified. 
The one closest to both the centerline and die opening is called the primary zone of 
deformation, and in this the material necessarily has to undergo relatively large 
deformations as it enters the bearing channel. In the secondary zone of deformation 
only a relatively small distortion of the grid may be observed, and friction between 
the stem and the aluminum will in fact even prevent deformation in the uppermost 
part, creating a zone of minimal deformation, a dead zone [31]. The zone of intense 
shear will stretch from the die opening and to the stem. This deformation mode 
is caused by the condition of full sticking of material particles to the container wall. 
In the corner close to the die surface the sticking condition will immobilize the 
material, and another dead zone, bordering to the area of shear, will be formed. 

Experiments reveal that the flow pattern in the container will actually depend 
on temperature conditions. If the container is relatively hot, the material in the outer 
part of the billet will be more mobile due to lower material resistance to flow. As a 
result the aluminum may no longer stick perfectly to the container wall and inflow 
of surface material may either take place along the surface of the stem or directly 
through the shear zone and into the die opening. This is an unwanted effect since 
the surface material usually contains impurities and defects caused by rough hand- 
ling of billets or inverse segregation. The flow pattern will also change due to 
geometrical variations. A small reduction ratio will for instance yield a smaller dead 
zone close to the die, and the result may also then be that material flows directly from 
the billet surface and out into the die opening. 

A study of the deformed grid in the profile after a complete extrusion charge 
reveals that extruded products are far from homogeneous with respect to the 
deformation undergone. Figure 26 is a representation of such a grid where the longi- 
tudinal axis is scaled down. The first material leaving the die opening will have under- 
gone a relatively small degree of deformation, but as extrusion proceeds, the material 
in the profile will have been deformed while passing through at least a part of the 
primary deformation zone. Region 2 is characterized by a grid that is very 
homogeneous, indicating that material particles originally coming from the second- 
ary deformation zone have undergone almost the same deformation history. Hence, 
when extruding this material the process will resemble one of steady state. Region 
3, however, is constituted of the material that was hindered from deforming by 
the stem during the extrusion charge, and the degree of deformation can therefore 
be expected to be much smaller. A layer of heavily shear deformed material will 
exist closest to the profile surface [32]. The growth of this layer towards the end 
of the profile indicate that the shear zone in the billet gradually will flow out of 
the container as the stem is brought closer to the die. In order to find how the 
container is emptied during extrusion, Valberg has developed so-called 
emptying-diagrams. These consist of lines, on which all particles will need the same 
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Figure 27 Emptying diagrams for axisymmetric extrusion, (a) and (b) Determination of 
one iso-residence-time curve; (c) and (d) Complete diagrams for respectively direct and indi- 
rect extrusion. 


amount of time to reach the exit. Hence, the lines are denoted iso-residence-time 
lines. They are constructed by placing a grid over the extruded profile, finding 
the crossing points with the deformed grid of the marking material and then tracing 
these points back to the corresponding undeformed grid in the billet. In Fig. 27(c), a 
number of such lines are shown. As expected, the bulk of the dead zone close to the 
die will not flow into the die opening until the very end of the charge. During the 
whole extrusion process, however, parts of the shear zone will be transported 
out into the profile, and the dead zone will gradually be reduced in size. Figure 
27(a) and (b) also reveals that the surface layer of the profile will be generated 
from the material in the shear zone of the billet. 

The observation that the size of the dead zone varies during an extrusion charge 
is extremely important to the understanding of the extrusion process as a whole. 
Energetically the process of extrusion through flat dies seem favorable to that 
through tapered dies, as the metal is allowed to find the most optimal flow path 
by varying the inclination of the shear zone through the charge. However, as 
the flow pattern is unsteady, the properties of the product will necessarily also vary 
along its length. One of the objectives with using feeders such as that shown in Fig. 
28, is to stabilize the conditions at the inlet to the bearing channel. In this way 
deformation paths for particles in the back and in the front of the billet will be more 
equal. Other reasons for applying feeders, however, are usually viewed as more 
important. As the metal in the feeder is not removed when the butt of the billet 
is cut, one may weld metal from two charges together and almost extrude con- 
tinuously. The advantage of applying a feeder is then that production rates will 
be increased. The drawback is that the charge weld formed most probably will con- 
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Figure 28 A schematic example of direct extrusion with a feeder. 


tain inclusions of oxides and therefore have inferior mechanical and corrosion pro- 
perties. As charge welds under the influence of varying material velocity over 
the profile cross section will become a parabolic line extending often many meters 
along the its length, low weld quality may lead to extensive scrapping. 


4.1.2 Temperature and Metallurgy 

Variations in temperatures during extrusion seem to influence flow behavior in a 
number of ways. As indicated, flow patterns may be changed considerably by 
rendering the temperature distribution in the container. Furthermore, it is known 
that the extrusion pressure may be lowered if either the temperature of the billet 
or the velocity of the stem is increased, and that there are certain limitations, since 
the material starts melting or cracking if it leaves the die with a too high temperature. 
The observations indicate that there is a strong coupling between what would be 
regarded as thermal and mechanical effects [33]. In order to describe the temperature 
field during extrusion, a system for measuring temperature at surface between the 
flowing alloy and tooling has been developed by Lefstad [34,35]. The method 
has its limitations since it does not reveal the complete temperature field, but it 
is well suited for studying the temperature of the flowing metal on the bearing 
surfaces close to the outlet. Due to frictional forces the temperature can be expected 
to be highest in this part of the flow. 

In principle, all the effects witnessed on a macroscopic level could be explained 
with an atomistic perspective. The close coupling between the temperature field and 
the mechanical forces are simply due to the exchange of kinetic and potential energy 
of the atoms. Today some phenomena such as frictional behavior and dislocation 
movement are explained partly with such a perspective [36], but no complete atom- 
istic description of the extrusion process can be found in literature. There are 
presently no ways of performing satisfactory measurements on flow, and the 
modeling methods are not able to handle the complexity of the problem. Hence, 
simplifications are sought. As will be explained in the next section, modeling is today 
primarily performed with the thermo-mechanical continuum theory. This is, 
however, merely a mathematical tool, which can be used to quantify states of 
deformation and pressures, and it will not reveal any new fundamental mechanisms. 
The problems of extrusion, related to speed limits, flow resistance, evolution of 
microstructure, stability of flow, surface quality and so forth are generally of 
metallurgical and micro-structural origins. Furthermore, since the flow- and tem- 
perature fields are influenced by the flow-resistance of the hot metal, which is 
strongly dependent on the alloy constituents, microstructure and metallurgical state 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Extrusion 


429 


of the deforming material, there is a strong interaction between flow, temperature 
and micro-structural evolution. If the continuum theory shall be able to model 
and quantify such phenomena properly, one must be able to relate the parameters 
of the model to the thermodynamics and kinetics of the material. An example of 
such is the description of recrystallization, of whose degree is influenced by such 
factors as temperature, time and deformation [37,38]. When extruded under similar 
conditions, different alloys need not experience the same amount of recrystallization. 
If quantitative description of the degree of deformation is to be given by a continuum 
model, the rate of recrystallization must be related to the values of deformation 
provided by a mathematical calculation as well as the constitution of the alloy. 
In the present state of the art of extrusion technology, the continuum description 
of thin-walled extrusion has not yet reached the point where the metallurgical 
phenomena can be explained quantitatively based on the continuum-mechanical 
description of the flow- and temperature field. 

An important fact that is often forgotten is that the complete 
thermo-mechanical history of the material should be known if one is to assess 
the microstructure. Focus should not only be placed on the mere extrusion charge, 
but on all the process steps. A study of the influence of Mg 2 Si particles on the 
maximal allowed extrusion speed gives an example of this [39,40]. The example 
applies probably to most 6XXX-alloys and in fact also to some of the 7XXX-series. 
The billet is prepared for extrusion after casting by homogenizing, controlled cooling 
after homogenizing and preheating before extrusion. Based on the chemical con- 
stituents of the alloy (Fig. 29(a)), given here for an AA6060-alloy (also showing 
AA6082 for comparison) with equilibrium-diagram (Fig. 29(b)), the initial tempera- 
ture distribution in the billet at the starting point of extrusion should be such that the 
magnesium and silicon are completely in solid solution before the alloy leaves the die. 
At the same time the extrusion speed should be selected in order to give shortest 
possible press-cycle time without causing overheating or unacceptable risk for pro- 
duction stops and/or quality problems. If there is eutectic left with melting point 
at 585°C (Fig. 29(d)), then this will be the maximum temperature without 
overheating. Otherwise, the solidus line will give the upper temperature limit. 
Clearly, by preparing the billet in an optimal manner, high gains in productivity 
can be achieved. 

Studies of microstructure in profiles often reveal a relatively large degree of 
inhomogenity over the cross-section. This applies to the size and form of crystals 
and to the dislocation density. Mechanical testing usually give results in accordance 
with such observations. As Valberg’s experiments explain, this is to be expected 
because the deformation of the material during extrusion is extremely 
inhomogeneous, and the same will naturally also be the case for the temperature 
history. In the early studies of microstructure evolution during extrusion insufficient 
attention was paid to these facts, and very often only average values of deformation 
and temperature were assessed. In this way the limits of the extrusion process 
can hardly be studied and the variability of the process only poorly understood. 
Figure 29 also explains the importance of knowing the exact temperature-, strain- 
and strain rate-history for each particle in the deforming alloy and especially for 
those that undergoe the largest strains. The largest differences will be experienced 
when the material particles enter the bearing channel. Here, the material close 
to the die will be exposed to shear strain rates up to about 10,000 [1/sec], whereas 
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the strain rate in the center of the bearing channel is in the range of 0.1 [1/sec]. As 
shown on the micrograph Fig. 29(e), there is a considerable degree of variation 
in microstructure in an extruded section. Partial recrystallization over the cross sec- 
tion may here also occur, and this gives rise to unsatisfactory large variability 
of properties and surface appearance. Since every material element in the billet goes 
through different strain rate-, temperature- and strain-histories as shown on Fig. 
29(d), it is important that the alloy is not very sensitive to these variations with 
respect to flow resistance and final microstructure after extrusion and quenching 
and aging (Fig. 29(f)). 


4.2 Predicting the Conditions of Flow 

4.2.1 Mathematical Approaches 

The traditional method of treating macroscopic problems within both solid and fluid 
mechanics has since the 18th century been through the principles of continuum 
mechanics [41]. The fundamental equations obtained within the frames of this 
perspective are those of motion and conservation of heat, expressed incrementally. 
Furthermore, the assumption is that processes on a microscopic scale will average 
out so that the material properties will be continuous functions in space except 
in the case of discrete discontinuities. Material behavior will, however, be deter- 
mined by processes taking place at levels from atomic to grain-size. In mechanics, 
constitutive equations can be utilized to characterize the relationship between 
measures such as deformation and stress. Purely elastic atomic lattice deformation 
may be represented by Hooke’s law, which is a linear relationship between stress 
and strain. As elastic behavior generates no permanent deformations and in a 
thermodynamic sense may be looked upon as ideally reversible, it may also math- 
ematically be characterized by functions of states. From a computational point 
of view this makes the material model attractive [42]. Deformations taking place 
during extrusion, however, contain only a minor and in fact in many cases a neg- 
ligible elastic component. As the profile is generated from a billet, the material 
has to undergo permanent deformation. On a microscopic scale this deformation 
is caused by the sliding of dislocations through the grains [43], As long as force 
is applied, energy will be dissipated, and therefore the process is thermodynamically 
irreversible. Consequently, the material behavior should be presented mathemat- 
ically by history dependent functionals [44]. A further complication is that plastic 
material behavior usually can be taken to be non-linear. Hence, a theory of plasticity 
is bound to be of another dimension of complexity compared to purely elastic theory. 

4.2.2 Different Perspectives 

As extrusion basically is a non-steady flow problem, principles of fluid mechanics 
may be applied to evaluate both deformation and stresses. The viscosity will in this 
case be a function of the strain rate. As the material will not flow below a certain 
yield limit, a constitutive model such as that of Bingham may be appropriate if 
the necessary corrections are made for temperature effects on yield stress. The fluid 
mechanical or rheological approach, which addresses strain rates or time increments 
of strain, is favorable for many reasons. 
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Firstly, stresses generated through plastic deformation at high temperatures 
are found to be almost independent of the total strain, but extremely dependent 
on the strain rate. Secondly, flow is viewed in an Eulerian sense, by which is meant 
that components of flow velocity and stress are related to spatial coordinates, 
and that deformation is assessed in an incremental manner, the reference state 
at all times being that of the last time step. 

Hence, an Eulerian formulation of the constitutive relation will therefore never 
violate the principle of material objectivity, which states that the constitutive 
relation should be independent of the choice of reference frame [45]. A rotation 
of the element should for instance not cause changes in stresses as long as the strains 
are held constant. Incremental deformations will to a close approximation always be 
in accordance with this principle. 

Another favorable aspect with an Eulerian description is that computer code 
can be made very efficient due to the fact that velocities and stresses can be evaluated 
in a mesh that does not deform. However, as the Eulerian approach only assesses 
increments, information about each particle’s total stress/strain history is lost, 
and elastic deformation can only with some difficulty be described. When evaluating 
the flow pattern, elastic strains are generally small, and it can be assumed that they 
only are of minor influence. However, elastic stresses may be of importance for 
instance to the surface quality of the product as friction in the bearing channel 
is affected by pressure due to elastic strains. A last problem connected to the Eulerian 
description in connection to extrusion is that the extruded profile is free to move as a 
rigid body in any direction as it leaves the bearing channel. Furthermore, 
deformation is then not plastic, and the movement will not be confined within certain 
limits, but should be calculated for the rigid body from the laws of motion. 
Furthermore, the boundary conditions of traction caused by a puller may not easily 
be described in the Eulerian system. 

The Lagrangian description has traditionally been most popular when 
describing the movement and deformation of a rigid body. This approach assesses 
deformation of particles in relation to a fixed reference state in space, thus making 
use of so-called material coordinates. This view is favorable in that the total strain 
history is kept, and therefore that both elastic and plastic deformation may be 
included in calculations. Furthermore, an arbitrary movement of particles in space 
can be described when boundary conditions are given. This makes it possible to 
predict deformations also when the material moves out of the bearing channel. 
A problem is, however, that deformation and rotations tend to be large during 
extrusion. A Lagrangian description of finite deformation is not automatically in 
accordance with the principle of objectivity, the cause being that the material deriva- 
tive of stress is not an objective measure even though stress is. Again this is a minor 
problem when evaluating only plastic strains as it is done on an incremental basis. 
However, when adding elastic deformation components the principle of material 
objectivity satisfied only by making use of an alternative material derivative of stress 
that compensates for any rotations of particles. In plasticity theory the Jaumann 
derivative is in common use. An analytical treatment of finite elasto-plastic 
deformation is by no means trivial. Lagrangian numerical calculations, however, 
are widely performed, and these make use of an element net that moves and deforms 
with the material particles. Calculation times tend to be higher for Lagrangian codes 
than for Eulerian even in the case when elastic deformations are disregarded, the 
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reason being that meshes have to be regenerated during simulations due to large 
distortions and loss of numerical accuracy. A promising method for evaluation 
of the state of deformation during extrusion seems to be the combination of the 
two descriptions in an Arbitrary Lagrangian-Eulerian (ALE) code. 


4.2.3 Plasticity and Extrusion 

Whereas the theory of rheology is focused on solving problems where stresses are 
given as functions of temperature and strain rates, the classical theory of plasticity 
was originally established to handle isothermal solid state problems where the stress 
after having exceeded the yield point, still was a function of strain [46-48], An 
example of such a problem is that of the low-temperature uniaxial tensile test where 
a plot of true stress to true strain will usually give a monotonically increasing curve. 
Plastic deformation can be assumed to be initiated when the yield limit is reached. 
An increase in yield stress as a result of further deformation is called hardening. 
Several simplified material models have been established so that calculations can 
be made easier. When applying a perfectly plastic model it is assumed that plastic 
deformations are dominating and that the material does not strain harden. An 
elastic /plastic model can be utilized when the elastic strain component is of a certain 
value (Fig. 30). Strain hardening models such as that of Ramberg and Osgood also 
simplify matters in that hardening behavior is characterized by one parameter, 
the hardening exponent. 

In principle, one is not to expect that the material shows any strain hardening 
behavior during extrusion. Such is traditionally connected to the pile up of dis- 
locations, but at characteristic temperatures from 450°C to 600°C recovery and 
recrystallization mechanisms will contribute to the reduction of dislocation tangles 
during deformation. At a given stress, continuous deformation should therefore 
be possible. However, the strain rate will be of importance to the yield stress as 
the rates of creation and destruction of dislocation tangles will determine the equi- 
librium dislocation density. As for temperatures, the yield stress may be expected 
to follow the same Arrhenius relationship as metallurgical processes generally 
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Figure 30 Simple constitutive relations: (a) Bingham fluid without strain rate hardening; 
(b) Rigid plastic material without strain hardening; (c) Elastic plastic material without strain 
rate hardening. 
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do. Hence, the yield stress can generally be expressed as a function: 

a=f{lXT) (7) 

The equation is given in terms of equivalent stress and plastic strain: 


(7 — -y/ 2 C^lj^ij) — Y 2 [(^ X ^°) (°y ffo) “I” Ox °o) ^T X y 2ly Z -b 2 t zx ] 
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V2 
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( 8 ) 


e = = y | (2e- + 2e2 + 2 qj + + £) (9) 

The equivalent measures of stress and strain are of interest when the state of 
stress is multiaxial. It can be shown that dissipation in general can be given as 
co — o^ey = as, and for a purely tensile test the equivalent stresses and strains will 
reduce to a z and e z . In simulation of extrusion extensive use is made of the 
Norton-Hoff relation: 


a = Ks"s m eT 


( 10 ) 


where n — 0 can be used to remove any strain dependence, n and m are material 
constants. /I is a parameter often set equal to the Ql R where Q is the activation 
energy and R is the universal gas constant. Another frequently used relation in 
the study of extrusion is that of Zener and Hollomon [49] which is given by: 


a — 


- arcsin h 
a 



- arcsin h 

CL 



( 11 ) 


In this case the yield stress is taken to be independent of the total strain, a and A 
are parameters which can be applied in curve fitting. Experiments indicate that the 
Zener-Hollomon relation may be satisfactory both when performing torsion tests 
on aluminum and during extrusion. Improvements to this material law have, 
however, been suggested. The main difference between torsion testing and extrusion 
is that the former assumes steady state while the strain rates may vary considerably 
in the later. 

Typical stress-strain curves obtained through torsion, compression or tension 
tests at temperatures around that of extrusion are shown in Fig. 31. As changes 
in strain rates and temperatures tend to influence yield stress more than the total 
strain, rheological modelling seems preferable to modelling through plasticity 
theory. However, if a perfectly plastic or a plastic material model with low strain 
hardening is adopted, effects of strain rate and temperature can be implemented 
by calculating the yield stress on the basis of relations such as Norton-Hoff or 
Zener-Hollomon. The important point is that a deformation mechanism based 
on dislocation glide is one of shear and, hence, should be modelled macroscopically 
as one that relates increments of strains to the deviatoric stress state. Both theories 
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Figure 31 More general stress-strain curves’ dependence on temperature and strain rates. 


of rheology and plasticity have this perspective and have for a long time been widely 
used to describe the extrusion process. Early analytical and semi-analytical work 
has, however, not managed to solve the complex problem of extrusion in its entirety. 
Rheological approaches have been based on simple material models and have only 
assessed very simplified flow fields. Techniques related to plasticity theory have tra- 
ditionally been popular when calculating very rough estimates of for instance 
the necessary extrusion force. By applying the so-called slip line theory one has been 
able to find closed form solutions for particle paths and stress states for simple 
geometries, but material models are generally limited to perfectly plastic, and tem- 
perature effects and material anisotropy have been neglected. However, modern 
numerical programs offer the user the possibility to implement constitutive models 
based on microstructural considerations and are able to perform coupled 
thermomechanical analysis for complex geometries. The last being of greatest 
importance due to the large variation in temperature in the container and bearing 
channel. Furthermore, by obtaining the temperature and strain history of the indi- 
vidual particles numerical programs should be able to describe changes in 
microstructure and the consequences of these. Both continuum plasticity theory 
and rheology are the building bricks for such programs. 


4.2.4 Yield Criteria 

For tensile tests yielding is initiated when the axial stress component reaches the 
yield limit, F(a z ) = 0. In the general case it can be expected that all components 
of stress have an influence on the point of yielding, and in a six-dimensional space 
a yield surface F(a n ) — 0 may be defined. The assumption is made that deformation 
is purely elastic in the case where F(a ;j) < 0. In classical plasticity theory one then 
usually resorts to two simplifications. The first is that the material is isotropic, thus 
implying that the yield surface is determined only by the principle stresses, F(a i, 
er 2 , 0 - 3 ) = 0, and therefore also the stress invariants, F(Ji,J 2 ,J 3 ) — 0. The second is 
that the hydrostatic pressure has no effect on yielding. Then the yield criterion 
can be written in terms of the deviatoric invariants: 


F(f 2 , f 3 ) = 0 


( 12 ) 
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where 


J\ = Jy = 0 J ' 2 = ijyjij J ' 3 = det(sjj) 

and Sij is the deviatoric stress, .S’,-] = 0ij-0 o bij. a 0 is the hydrostatic stress. The 
assumptions made are more or less applicable to most engineering materials. 
However, alternative anisotropic yield criterions have been developed so that 
materials with strong anisotropy can be handled. 

When applying the assumptions of isotropy graphical representation of the 
yield criterion can be made in the 3 dimensional 01,02,0'3-space. By assuming that 
hydrostatic pressures do not influence yielding, one is able to reduce the yield surface 
to a yield locus in the deviatoric plane, which is defined by the normal 
(0 1,02,03) = (1,1,1). If it is assumed that the material is isotrpic and that yielding 
will take place at the same stress level both in tension and compression, the yield 
locus must be symmetric about the six axes defined by the projections of the o\, 
02 and 03-axes into the deviatoric plane. The last assumption is, however, not always 
correct due to the Bauschinger effect, which will be explained later. 

The most commonly applied yield criteria are those of von Mises and Tresca. 
The von Mises criterion assumes that F only is a function of the second invariant 
of deviatoric stress. For many materials, experiments often indicate that yielding 
only to a very limited extent is dependent on the third invariant and thus confirms 
the hypothesis of von Mises. Mathematically the representation is: 

J'2 — = g [(0 1 ~ 02)“ + (02 — 03 )“ + (03 — ci )“] — = 0 ( 13 ) 


Hence, the von Mises criterion has the nice property that it appears as a circle in the 
deviatoric plane. Furthermore, the second invariant of deviatoric stress is simply the 
square of the expression for equivalent stress. This indicates that the von Mises cri- 
terion bases the criterion of yielding on the deformation energy absorbed by the 
material. The natural alternative to this is the Tresca criterion, which states that 
yielding will take place when the maximum shear stress reaches a critical value. This 
may be expressed as: 


= max 


2 1 ff i — a 2 l>2 I ff 2 - 03 I, 2 I ff 3 — Cl 


— k-T 


( 14 ) 


The yield locus will in this case be a hexagon in the deviatoric plane. Also the 
Tresca criterion may be expressed in terms of the second and third invariants. 
In Fig. 32 both the von Mises and the Tresca yield loci are presented. Which 
one of the criteria that are the most conservative depends on the choice of km 
and k t . If it is assumed that yielding first is taking place at a characteristic yield 
stress for pure tension, ay, one would expect that: 


k m — 




(15) 
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Figure 32 The yield surface, the yield locus and the deviatoric plane. 


The result is that the locus of the von Mises criterion will circumscribe that of 
Tresca. However, if it shear stress is the reference for yielding then both are given 
as k'm = zcj — ty- In this case the Tresca criterion is the least conservative except 
in the point of maximal shear. 

An interesting property of the yield locus is that singular points may exist, such 
as the case for the Tresca criterion. The singularity should from a macroscopic 
perspective be explained as a result of the sudden change of plane of maximum shear 
stress when loading from one state of stress to another. Consequently, the plane of 
shear deformation is also changed. However, the Tresca yield locus can also be 
explained on the basis of knowledge about glide systems in fcc-crystals. As a sim- 
plification, a state of plane stress is assumed. In this case shear deformation through 
dislocation movement may take place in three separate groups of planes (Fig. 33). 
The principal stresses are directed along the axes of the coordinate system. The same 
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Figure 33 (a) An ideal (10 0)[1 0 0] texture; (b) The yield locus for ideal ( 1 0 0)[1 0 0] texture 

material. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




438 


Steren and Moe 


axes also define the (1 0 0) [1 0 0] texture of the fcc-lattice, which is taken to be 
homogeneous, so that all the grains have oriented the {10 0} plane normal to 
the x-direction. If it is assumed that deformation is only taking place on the glide 
plane with the largest shear stress, the ratios of the stresses a x :a y :a z will determine 
the deformation of the grains. If a x is the largest stress and <r z = 0 the smallest, 
one can expect that the first glide system will be operative. Subsequently, if <x y is 
the largest stress and er z = 0 the smallest, deformation will be of the second type. 
The last alternative is that a x and <r y are the extreme principal stresses in which case 
the third modus of deformation is relevant. With the help of Schmid’s law a yield 
locus can be constructed in the er x <r y -plane. Figure 33 shows that such an analysis 
renders the Tresca yield locus. The singular points are the results of a limited amount 
of glide systems. While single crystal materials might follow a yield criterion such as 
that of Tresca, most materials contain grains with all sorts of orientations and glide 
systems. In this case deformation will take place in a series of directions yielding 
a number of straight lines defining a yield locus that resembles that of von Mises. 
A locus without singularities is often denoted regular. 

4.2.5 Strain Hardening and Plastic Flow 

Material behavior at stresses above the yield limit will depend on both the hardening 
behavior and boundary conditions. Whereas flow of a perfectly plastic material will 
be completely restricted by outer constraints, deformation of a strain hardening 
material can only take place if the stresses are increased gradually. Furthermore, 
in order to calculate deformations a constitutive relation between stresses and strains 
has to be established. An interesting observation in relation to the preceding deter- 
mination of the yield locus on the basis of microplasticity, is that any increment 
of plastic strain will be in a direction normal to the yield surface. Thus, an indication 
is given that both stresses and strains can be determined if the form of the yield 
surface is known during deformation. 

A uniaxial tensile test can be performed to determine the increase of yield 
strength during plastic deformation. However, as such a test alone is not able to 
describe the form of the yield surface during triaxial loading, firm knowledge of 
changes caused by yielding are even harder to obtain. The most attractive hardening 
principle mathematically is the isotropic (Fig. 34(a)). When applying this principle it 
is assumed that plastic deformation causes the yield surface to expand uniformly. 
Hence, upon yielding the expression: 

F(J' 2 ,f 3 ,d)=f(f 2 ,J' 3 )-a = 0 (16) 

applies. The equivalent stress is taken to be a function either of the energy spent 
during plastic deformation or the total plastic strain. These are denoted the work 
hardening and the strain hardening hypothesis respectively. Such functions can 
be obtained through tensile and compressive testing. The main problem with an 
assumption of isotropic hardening is that it is not in accordance with the Bauschinger 
effect, which can be witnessed during cyclic loading. After the material has been 
deformed plastically in tension, yielding will take place at lower compressive stresses 
than that of the expected yield point in compression. Kinematic hardening rules 
describe a movement of the yield surface in space so that the ratio of the yield limits 
in different directions is altered. A mathematical expression that can be used to 
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(b) 



Figure 34 Strain hardening rules: (a) Isotropic; (b) Kinematical. 


describe such a behavior is: 

F(si j , ay) = f(si j - ay) -k = 0 (1 7) 

where ay describes the movement of the yield surface and is known as the back ratio. 
k will for a strict kinematic rule be a constant. However, newer models often let both 
ay and k vary so that the proposed law can be better fitted to data. 

In the mathematical treatment of plastic strains generated by loading it is 
rational to define a plastic potential, g, which is to set the ratios of the plastic strain 
increments. One can expect that this function, as the yield function, originally is 
one of all stress components. If such a relation is known, the plastic stresses can 
be derived from the mere definition of a potential function, namely that the 
increment of strain shall be normal to the potential surface: 


d-l = 5 

1J dffj, 


dX 


(18) 


dX is simply a constant. The previous microplastical considerations have shown that 
the yield surface at least in the case of yield by the Tresca criterion also can be 
expected to be a potential surface. If g is set equal to /, the associated flow rule 
is adopted. Such an assumption can in most cases be expected to yield satisfactory 
results because many of the characteristics of g are equal to those of /. Whereas 
the assumption that yielding is unaffected by hydrostatic stress limits the evaluation 
of yield to the deviatoric plane, a choice of an incompressible material model leads to 
the conclusion that the hydrostatic stress line in a eri^ov system nowhere can be 
perpendicular to a potential surface. Hence, a potential surface will be fully 
described by its locus in the deviatoric plane. As plastic deformation is one of shear, 
an assumption about incompressibility leads only to marginal errors. Mathemat- 
ically such a relation is written: 


de p x + di* + da p x = 


1 

1 

1 


\{dd[ d£, = 0 


(19) 
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In the ffi(T2(73-system an incremental change in strain will generate the stress 
component 2G(de \ p , ds 2 p , ds 2 p ), where G is a constant of proportionality. It can 
be observed that this component has a direction perpendicular to the line 
(<ti, 0- 2 ,<73) = (1,1,1) and therefore lies in the deviatoric plane. The locus described 
in such a plane by a potential surface, also has to be symmetrical with respect 
to the stress axes due to assumptions of isotropy and independence of sign reversals. 
When one discusses states of stresses and the corresponding increment of strains, the 
incompressibility assumption allows one to view these states as vectors in the 
deviatoric plane (Fig. 35). 

Drucker has proved that unless the material shows strain softening behavior 
such as that of for instance soils and rocks, the flow rule will be associated and 
the normality rule will hold. Drucker then has defined a stabile material as one 
for which the inequality: 


JT = 


Affydejj = 


( rr.j - a°:)d£i j > 0 


( 20 ) 


holds during a complete load cycle where the original stress state, a° , may or may not 
be one of yielding. A material on which an external agency does positive work during 
an elastic-plastic stress cycle is considered strain hardening. As the inequality will 
not be satisfied if the material is strain softening, the postulate is often referred 
to as Drucker’s strain hardening postulate. To a close approximation the net plastic 
work done over the loading part of the cycle can be expressed as: 

(ffij - <j \ > 0 (21) 

Drucker’s first and second postulate follows from this inequality. If it is 
assumed that the original state of stress is one of yielding, the first term cancels. 
In accordance with the inequality, the first postulate states that the plastic work 
done by an external agency during the application of additional stress is positive 
for a work hardening and zero for a non-hardening material. If the last part of 
the postulate is to be true, vectors representing the increments of stress and plastic 
strain have to be perpendicular. In a non-hardening material loading is assumed 



Figure 35 The yield locus in relation to Drucker’s hardening postulates. 
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to be neutral, that is all load paths are tangential to the yield surface. Therefore the 
increment of strain is directed normally to it, thus resulting in the normality law. 
If the material is hardening, it must be assumed that the increment of stress is a 
linear combination of a plastic and an elastic part, and that the last is directed 
tangentially to the yield surface. As the elastic part of the stress increment does 
no irreversible work, the increment of plastic strain is also in this case directed nor- 
mal to the yield surface. 

Drucker’s second postulate is connected to the first part of the inequality above 
and states that the net work done by an external agency during a cycle of addition 
and removal of stresses is non-negative. If it is assumed that the original state 
of stress is not one of yielding, the last term in the inequality can be neglected. 
The result is: 

(<hj - > 0 (22) 

This inequality also bears the name the maximum work theorem. From 
Drucker’s second postulate it can be seen that the angle between the vectors a-a° 
and (P can not be obtuse. Hence, as the vector s p is always normal to the yield surface 
and <7° is located inside the yield surface, this surface has to be convex at all points. 

If it is assumed that yielding is initiated according to the von Mises criterion 
and that the flow rule is associative, the plastic strains can be calculated to be: 

d%.=^-dA = ^- (cry - rrjjdyV// = ^ dX (23) 

This rule can also be written in the form: 

d^ = d^ = d^ = dy^ = dy^ = dy^ = dX (24) 

^xy %z ^xz 

indicating that the increments of strain are proportional to the deviatoric stress 
components. If the material is assumed to be rigid/plastic, the names of Levy 
and von Mises are connected to the equations. If the material model also contains 
an elastic strain component the above relations are those of Prandtl and Reuss. 

The constant of proportionality dl is expected to be related to the increment of 
equivalent strain, the reason being that the increment of plastic strain is determined 
by the strain hardening behavior of the material. By applying the measures of equiv- 
alent stress and strain one can relate the hardening behavior of a uniaxial test to that 
of the multiaxial actual load case. From the definition of equivalent stress and strain 
it is known that: 

co — ae = erygy = .S'ygy (25) 

If only plastic components of strain are evaluated, the flow rule can be applied 
in order to eliminate the increment or in this case the material derivative of plastic 
strain: 


(T£ = 




(26) 
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This gives the result X — e or dX — ds and a final flow rule of the form: 


,j, 3 <&, 0s , MW 

df %=-&tei- a v 5 S> = ^-*i 


(27) 


The total strain increment will generally be the sum of both an elastic and a 
plastic part. The elastic component can be obtained by the use of Hooke’s law 
on an incremental form, and from this equation it can be seen that the ratio of 
the components of elastic strain will be determined by the increment of stress 
and not the full deviatoric stress as the case is for the plastic component. A particular 
formulation of stress-strain relationship developed by Hencky assumes that also the 
ratios of plastic strains are given by those of deviatoric stress. This can only be 
expected to hold if the loading is proportional, that is, if the stress components 
experience a proportional increase during loading. As initially indicated the load 
path is generally history dependent and must be calculated incrementally. 


4.2.6 The Uniqueness Theorem 

The Levy-Mises equations reveal both the strengths and the weaknesses connected 
to the description of extrusion through the theory of plasticity. Deformation is 
described as one that is initiated by deviatoric stresses and the components of 
deformation will be determined by their ratio. This is in accordance with the notion 
that plastic deformation is connected to the glide of dislocations. However, the 
material is expected to experience strain hardening defined by a curve relating 
the equivalent stress and strain. At the relevant temperatures little hardening is 
experienced and, therefore, the derivative of a stress-strain curve will be almost zero. 
This means that it is not possible to calculate the total strain from the stress alone. 
Thus, the stress state in the material during extrusion will not be determined by 
the strain, but by geometry of the tooling and by temperatures and strain rates. 

An important property that applies to hardening and non-hardening materials 
alike is that the state of stress is unique when certain tractions, 7), and velocities, vj, 
are defined on separate parts, Sf and S v , of the boundary. The proof of this is 
as follows for a non-hardening material strains. One may assume that two consistent 
solutions, (a, v) and (a 0 , v°), for the stress and associated velocity distribution, that 
corresponds to the same boundary conditions, exist. The principle of virtual work 
is then applied to the differences in the field quantities over the volume of interest: 


(7i — Tft(vj — v°)dS — 


( k - x )[v°\dS^ 


(Oj - ffjjXey - ii'O dv + 


( k - T°)[v]dS n 


(28) 


The two last terms are connected to the virtual energy dissipated due to velocity 
discontinuities [v] and [v°] on surfaces S and S° in the volumes with the solutions (a, 
v) and (a°, v°) respectively, k is the shear stress on the surfaces of discontinuity, 
and it is known that neither t nor z° may be larger than k. Hence, the two last 
integrals on the right hand side will yield solutions greater or equal to zero. The 
integral on the left side must be equal to zero since it is assumed that the same bound- 
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ary conditions are applied in the two cases. The maximum work inequality gives: 

Oij - <j)(fiij - ey) = (<hj - o'y)ey + «j - ^ij)£y > 0 (29) 

It follows that both terms on the right hand side are positive and that they must 
separately vanish. This can only take place if a — a°. The two states of stress are 
equal. In the case of extrusion the value of the yield strength will not be a constant 
but a function of temperature and strain rate and therefore of spatial coordinates. 
The above analysis, however, seems to apply also in this case because the volume 
of material can always be made so small that spatial variations can be overlooked. 

In relation to extrusion the uniqueness theorem states that if the load on the 
tools can be determined uniquely one may in theory also expect to find a unique 
stress distribution in the flowing metal. However, the matters are complicated 
by the fact that in reality boundary conditions on the tools are not prescribed 
but determined by a friction rule. Tresca friction and assumption of full sticking 
will not cause any problems as it is characterized by a tangential shear stress with 
a value of yield, but some simplifications have to be made so that the uniqueness 
theorem may hold also for Coloumb friction. 

The determination of the unique state of stress constitutes no small problem 
even though such a state is known to exist. In the early parts of the development 
of the theory of plasticity the extrusion process represented a natural test case 
for analytical work. Therefore, several solutions based on larger and smaller 
simplifications have been developed. Usually one assumes the material model to 
be perfectly plastic, and the yield stress to be independent of both strain rate 
and temperature. The geometry is taken to be either plane or axially symmetric. 
A state of plane strain corresponds to the extrusion of an infinitely thick plate while 
axial symmetry only yields cylinders. 

4.2.7 Upper and Lower Bound Solutions 

The plasticity theory has the advantage that it facilitates a simple procedure for 
calculation of an upper and a lower estimate for the boundary forces needed to cause 
plastic deformation. Such estimates can be obtained for a range of material models 
and in the presence of both small and large deformation. If it is assumed that 
the yield behavior is perfectly plastic the simplest estimates can be reached. In order 
to obtain a lower bound on applied forces one assumes a stress field, a° that satisfies 
the equilibrium equations and boundary conditions without violating the yield con- 
dition. As the stresses need not be in accordance with a constitutive relation, such 
a field will generally not be the actual and is instead denoted statically admissible. 
The actual stress and associated strain is a and e. The principle of virtual work 
can in this case be written as: 


(7j - T^dS = 


(ffij - <r?j )SijdV + 


(k - T°)[v]dSn 


(30) 


where Sd are the surfaces of velocity discontinuity for the actual solution, and k is 
the shear yield stress, [v] is the actual velocity discontinuity. As the admissible shear 
stress on the actual discontinuity, t°, will not be larger than k, the last integral 
on the right hand side is not negative. The first integral is non-negative by the maxi- 
mum work inequality. In this case the traction caused by the actual stresses and 
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statically admissible ones need not be the same. If the velocity normal to the bound- 
aries where forces are prescribed, Sp, are assumed to be zero, the following will hold 
on the rest of the boundary, S v : 

TjVjdS v > TfvjdS v = hotvjdSy (31) 

The lower bound theorem, thus, states that the rate of work done by actual 
surface tractions on S v is greater than or equal to that done by surface tractions 
in a statically admissible stress field. If the vj is uniform on S v , one will find that 
the load of the statically admissible field will give a lower bound to the actual one. 
The principle can be directly applied in extrusion. The velocities normal to the con- 
tainer wall and the die will be zero. S v can be assumed to consist of two parts, 
the surface between the billet and the stem and surface defined by the die opening. 
The tractions on the last part of the surface can be assumed to be approximately 
zero. Hence, as the velocity on the surface of the stem is uniform, an analysis will 
yield a lower estimate of the extrusion force at a certain time during extrusion. 

Figure 36(a) gives an example of a statically admissible flow field. The 
extrusion is assumed to be frictionless. Lines of stress discontinuity are drawn. 
The normal stress components to such lines as well as the shear stress have to 
be continuous if equilibrium is to be achieved. The normal component of stress along 
the line, however, may differ from one side of the discontinuity to the other as shown 
in Fig. 37. In Fig. 36(b) the Mohr circles for all the stress states are drawn. Two 
interesting observations can be made. Firstly, the yield criterion will nowhere be 
violated, and secondly, a stress discontinuity only amounts to a rotation of the Mohr 
circle about a vertical line going through the point (<r, r). Geometrical considerations 
limit the use of the proposed field to cases where the reduction ratio is equal to or 
larger than three. The necessary pressure applied to the billet in order to cause yield- 
ing has been calculated to be p = 5k(R - 1 )/R, where k is the shear yield stress. 



2k 


Figure 36 (a) Statically admissible stress field during extrusion; (b) The corresponding 

states of stress in a Mohr-diagram. 
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Figure 37 Possible stress discontinuity in the deforming material. 


In order to obtain an upper estimate on the extrusion force the upper bound 
theorem is applied. One can assume that v° is a continuous velocity field satisfying 
the incompressibility condition. Then the material derivative of e° may be calculated 
and the corresponding stress a° is finally obtained from the normality rule. The 
actual strain rate is denoted a. The virtual work principle can be used to obtain 
the following relation: 


T^dS 


ffijefj dV 


z[v°] dS 1 ^ 


(32) 


The assumed velocity field may contain surfaces of discontinuity [v"]. It is known that 
the actual shear stress, r, on the virtual surface of discontinuity can not be larger than 
k. By the maximum work inequality, cryey < as a° is on the yield surface while a 
may either be inside or on. If the virtual velocity field, v°, is regarded to be 
kinematically admissible, it also satisfies the boundary conditions on the part of 
the surface where the velocity is prescribed, S v . The last equation is then rendered, 
resulting in the inequality: 


T jV °dS v 


ij y 


k[v"\dS^ - 


r/‘ds v = 


T°v°dS v 


(33) 


The upper boundary theorem, thus, states that the rate of work done by the unknown 
surface tractions on S v is less than or equal to the rate of internal energy dissipated in 
any kinematically admissible velocity field. The last equation to the right of the 
inequality sign may be used to obtain an expression for an upper limit on the 
extrusion force applied. This limit is denoted T'j. 

In Fig. 38(a) a kinematically admissible flow field for axisymmetric extrusion 
analog to that proposed by Avitzur [50-52] is shown. The material is assumed 
to flow like rigid body with speed of the stem, v 0 , in the leftmost part of the container. 
At the surface where the material enters the deformation zone there is a discontinuity 
in velocity of v = v 0 cos 9 tangential to surface marking the inlet to the primary 
deformation zone (Fig. 38(b)). Then the material velocity increases according to 
the relation v— v o (ro/r) 2 cos0. In the end of the zone a new discontinuity is 
encountered. In the dead zone surrounding the deformation zone the material is 
assumed to be rigid. The velocity field described is kinematically admissible, but 
it need not be the actual field. The experiments performed by Valberg and presented 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



446 


Steren and Moe 


earlier, show that the dead zone will communicate with the flow and that no absolute 
velocity discontinuity will exist between the flow and the dead zone. Instead the flow 
velocity is expected to gradually decrease towards the container wall. At all times a 
boundary layer will exist along the whole container wall and one can not expect 
the leftmost zone to be perfectly rigid. Furthermore, the form of the velocity field 
will change as the stem is brought closer to the die. In the limiting case, the material 
will flow in a radial direction towards the bearing channel and the whole dead zone 
will disappear. As extrusion proves to be a transient process, the solution obtained 
will only be applicable at a certain stage. However, as long as all the relevant effects 
are taken into consideration, the proposed velocity field will produce an upper bound 
on the force needed to initiate deformation. Better upper bounds may be found in 
literature [53-56], but for these calculations may be more complicated. 

According to the last equation and Fig. 38(a) the work that the stem does on the 
metal has to compensate for the dissipation of energy in the deformation zone, on the 
surfaces of velocity discontinuity and in connection with shearing of material on the 
discontinuity close to the dead zone. In addition, the extrusion force has to be 
increased due to friction in the container and on the yield surface. Fortunately, 
in an upper boundary analysis each effect can be treated separately. The force needed 
to deform the material in the two velocity discontinuities can be shown to be equal. 
The change in velocity over the first discontinuity is according to Fig. 38(b) [v] = v 0 
sind. Integration has then to be performed over the whole surface of discontinuity, 
which is assumed to spherical: 


F d ■ v 0 = 2 


k^dA = 


kv 0 sin 6 x 27tR 2 sin 6d6 — 2k x nr 


sin 2 a 


— cota 


x v 0 

(34) 


As v 0 appears on both sides and can be dropped, an expression for the force F D is 
obtained. 



Figure 38 Kinematically admissible flow field similar to that proposed by Avitzur. 
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An expression for the force F f caused by the friction between the dead zone and 
the flowing material can be obtained if the third term on the right side of the upper 
bound inequality is integrated over a conical surface: 


F f v 0 = 


TjVj dA = k 


Vo(^) cos a dA = kv 0 r 2 cos oc 


r 0 

sina 


1 


2nr sin adr 


a 2 a, 

= 7rr 2 sinacosa ln( — ) xv 0 


(35) 


Again an expression for the force is obtained by dropping the term v 0 , which 
appears on both sides of the equality. 

The force needed to deform the material in the primary deformation zone can 
be estimated by using the first term on the right hand side of the upper bound 
inequality. Given the velocity field v, the components of strain may be expressed as: 


r 2 1 r 2 

e r = -2 eg — -2L, = -2v o -^cos0 e r0 = --vo-^sind 


°r (p 


&0<p — (1 


(36) 


The equivalent strain rate is expressed in the same way in the rdcp - coordinate 
system as in one of xyz, and as a result the equivalent strain will be given as 
(v 0 /3 1/2 )(r 0 2 /r 3 ) (llcos 2 0-l). A calculation of the given conical volume integral then 
results in the following expression: 


F v v 0 = [ crsdV = a [ [ex 2nr x rd 0 dr — -^=7Wq 

v 3 


ri 0 


sin 0\J 1 lcos 2 6 + Id 0 1 n 


vo 


(37) 


As expected all components of force are dependent on the yield stress given in 
terms of shear or equivalent stress. Furthermore, the angle a, which defines the dead 
zone, also has an influence on the extrusion force. Most importantly, however, the 
expressions indicate that the force is a function of the reduction ratio. If all terms 
are added and the reduction ratio, R , is the only parameter of interest the force 
equation may be written: 

F = a + b In R (38) 

Experiments confirm this relationship for various metals over a range of 
extrusion speeds. The equation may also be expected to hold for various profile 
geometries, but more complex profiles will generally necessitate a higher extrusion 
force than simpler ones with the same F-ratio since the friction surface to total vol- 
ume ratio can be expected to be larger [57,58]. Therefore, the constants a and b 
will be dependent on profile geometry. The value of a and F will also vary over 
the press cycle as shown in Fig. 39. In the case of direct extrusion the largest 
variations are due to the fact that both the surface area and friction force between 
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Energy needed to initiate extrusion 

Decrease due to reduction in friction 
between billet and container 

Energy dissipated due to friction and 
shearing between container and billet 

Increase due to changing 
- . flow pattern 

Movement of the stem 


/Energy dissipated during \ Energy dissipated in primary 
/ upsetting - Burb cycle /deformation zone 

Figure 39 General relation between extrusion force and stroke length. 



billet and container decrease over time. However, other variations may be expected 
as the movement of the stem alters the geometry of the flow field. In the last phase 
of the extrusion charge, the press force will experience a sharp increase as the 
material from the dead zone moves towards the bearing channel. Another reason 
for variations in press force is an increase or a decrease in yield stress caused by 
variations in strain rates or temperatures. The degree of hardening will be highest 
in the last part of the charge as the metal then experiences very high strain rates. 
A high degree of plastic deformation causes dissipation of energy and potentially 
also temperature variations in time and space. If the billet is not properly preheated, 
temperatures particularly in the central deformation zone, close to the container wall 
and in the bearing channel will increase gradually, resulting in lower flow resistance. 

4.2.8 Slip Line Theory 

As shown, the calculation of an upper and a lower boundary estimate may be carried 
out relatively effortlessly, but such estimates only yield a certain indication of one 
parameter of interest, the extrusion force. Whereas the lower boundary estimate 
reveals nothing in connection to the velocity field, the upper boundary calculation 
gives no indication of the stresses present in the flowing metal. Furthermore, the 
proposed velocity and stress fields are only kinematically and statically admissible 
respectively, and will only in the limiting case be equal to the actual fields. An exact 
solution has only for a few problems been indicated by the equivalence of the upper 
and lower bounds. Generally, a principle of maximizing or minimizing of energy 
can not be expected to yield the exact solution since the proposed form of the field 
can not be expected to be correct in the very beginning. Therefore, the most 
interesting parameters to the quality of the finished products such as temperature, 
strain and strain rate history of individual material elements can not be obtained 
through the presented limit analysis. 

The theory of slip line fields assumes that either a state of plane strain or axial 
symmetry exists. Furthermore, when elastic strains are neglected, calculations 
may be made for hardening as well as non-hardening materials. An assumption 
of a constant yield stress, however, leads to the simplest results. The method will 
at least provide an estimate of both the stress and velocity field. The slip line method 
is also one that is based on an initial proposal of a kinematically admissible velocity 
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field. However, by combining the kinematical evaluation with the use of equilibrium 
equations, constitutive relations and stress boundary conditions, the proposed field 
will yield stresses that are in equilibrium and actually also satisfy boundary con- 
ditions. However, one is not guaranteed that the stresses in the assumed rigid region 
do not violate the yield condition and that they are in equilibrium. Therefore, a 
proposed slip line field may be viewed as an upper bound, which in the limit will 
be an exact solution. But, as this solution is obtained in a more rigorous manner 
through a relatively systematic procedure of the slip line theory than through a stan- 
dard upper bound analysis, a firmer knowledge of the strain and strain rate history 
for a particle can be gained. Furthermore, by obtaining knowledge of the flow line 
of the material, one will also be able to calculate adiabatic changes in temperature. 

If it is assumed that the material responds perfectly plastic to loading, the con- 
stitutive relation will be that of Levy and von Mises. Plane strain is assumed and the 
z-direction is taken to be perpendicular to the plane. Since the material is 
incompressible, the coordinate strain increments, ds x and de y will be equal in 
magnitude but opposite in sign. Hence, the deformation will be one of pure shear. 
As de z is set to zero, the Levy-Mises equation for the z-direction can be applied 
in order to obtain: 

Cz =^(ffx + ffy) (39) 

Equation (39) shows that the largest and smallest stresses at all times may be found in 
the xy-plane, which is in accordance with the fact that deformation is one of shear in 
this plane. Furthermore, the stress a z is equal to the hydrostatic stress. Since 
extrusion is a process in which the hydrostatic stress may assumed to be negative, 
the negative sign convention is applied, p = -a z . If it is assumed that the material 
follows the von Mises criterion for yielding, the last equation can be applied in 
13. The result is: 


(tf x - ff y ) 2 + 4t 2 y = 4k 2 


(40) 


where k is the shear yield stress. It can be observed that if relations for the normal 
stress, u, and the shear stress, t, on a surface with an inclination of to the .\-axis 
is calculated, squared and added the Mohr circle emerges as: 



1 


-(ff x + ff y ) +T 


<Jy) 2 + T 


xy 


(41) 


Hence, in a Mohr-diagram all stress states in the plastic region will be described 
as circles with radiuses of magnitude k. From the typical Mohr-circle in Fig. 40(b) it 
can be seen that the state of stress at each point in the material can be described 
merely by the hydrostatic pressure, p, and the orientation, cj), of the plane with 
the largest shear stress: 

cr x = — p — k sin 20 er y = —p + k sin 2</> t xy = k cos 2(f) (42) 

A new coordinate system afi can then be defined so that the shear stress has its 
maximum value along the axes a and /(. A convention is then that the line of action 
of the algebraically greatest principal stress makes a counterclockwise angle of 
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(a) 



(b) 



Figure 40 (a) The slip lines in relation to the cartesian coordinate system; (b) State of stress 

in a material particle. 


7t/4 with the a-direction (Fig. 40). As the plane of greatest shear changes from point 
to point in the material, the coordinate system will have to be curved. However, 
the a- and /1-lines will still be orthogonal at each point. Since the deformation is 
expected to be one of shear, the a- and /1-lines are called slip lines or shearlines. 

As the deformation is assumed to be quasi-static and body forces are neglected, 
the equations of equilibrium reduce to: 


9Ux dt X y _ Q dt X y dffy _ ( 

3x dy 3x 3 y 


(43) 


These are the differential equations that have to be solved if the state of stress in 
the material during extrusion is to be obtained. In order to reduce the number of 
unknowns, a x , a y and t xy are substituted with p and </> in accordance with Eqs. (42): 


dp 

dx 


+ 2 k 


^cos2 4 > 


3 (f> 
dx 


+ sin 20 


df\ 

dy) 


= 0 


dp 

dy 


+ 2k( sin2d> — 
\ dx 


— cos 2 </> 


df\ 

dy) 


= 0 
(44) 


The Eqs. (44) may be described as hyperbolic. In such a case, solutions for;; 
and </> can be obtained in parts of the xy-plane merely by solving a simplified version 
of the equations of interest along certain curves that cross a line, along which a 
boundary condition is prescribed. The lines of interest are called characteristics 
and are defined as curves in the xy- plane, across which the derivatives of p and 
</> may be discontinuous. It turns out that for this problem there are two distinct 
and perpendicular characteristics going through each point, having slopes tan</> 
and -cot(/> to the x-axis. Thus, in the slip line analysis, the a- and /Mines are actually 
the characteristics of interest. If the state of stress is given at a certain boundary, 
it will also be uniquely defined in all points of the xy- plane which share both 
its characteristics with the boundary line (Fig. 41(a)). Thus, some peculiarities exist. 
It turns out the state of stress will not be influenced by conditions on other parts of 
the boundary of the material. Furthermore, by the definition of characteristics. 
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Figure 41 (a) Area with uniquely defined slip line solution; (b) Mikhlin-coordinates, d, x 

and i], y in relation to slip line grid. 


the state of stress or any other field may change abruptly when crossing the a- or 
/1-lines. These observations, however, are actually in accordance with the under- 
standing of plastic deformation. 

The velocity distribution in the flowing metal may be calculated only if isotropy 
and incompressibility is assumed: 


2 7x y _ T xy 9v x | 9Vy _ Q 

s x — Sy cr x — cr y dx 9 y 


(45) 


By introducing the Eqs. (42) in the isotropy condition, a, the following relation 
may be obtained: 


~,9v x , ■ 9v y „,9Vy 

cos 2m 1- sin 2d) b sin 2d) — - — cos 2dp — - = 0 

dx ay ax ay 


(46) 


The velocity equations are also hyperbolic, and the characteristics of stress and 
strain are found to coincide at all points due to isotropy. Thus, the characteristic 
directions are those of both maximum shear stress and strain. 

Both equations of stress and of velocity should be solved in the coordinate 
system defined by the slip lines. If it is assumed that the x and v directions at a 
particular point are oriented along the tangents to the a- and /(-lines, the angle 
(f> may be set to zero, rendering Eqs. (44): 


dp 

dx 


+ 2 k 


d(f) 

dx 


= 0 


dp 

dy 



= 0 


(47) 


Since the original point chosen was arbitrary, the relations will hold at any 
point. If the Eqs. (47) are integrated along a- and /(-lines respectively, the relation 
between the hydrostatic pressure;; and the orientation, </>, of the slip line field relative 
to a rigid x-axis is: 

Constant along an a-line: Constant along a /(-line: 


p + 2k (j) — Ci 


p — 2 k(f> — C 2 


(48) 
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These are the Hencky equations, which simply represent equilibrium along a 
slip line. It can be observed that the hydrostatic pressure will not change along 
a straight line. Generally p will vary along a curved line, the result being that 
the center of the Mohr-circle is translated along the c-axis. 

If the velocity equations are viewed in a coordinate system with axes tangential 
to the slip lines, the rate of extension vanishes along the slip lines: 



(49) 


If u and v are the velocity components along the slip lines, the velocity components 
along the x- and y- coordinate axes can generally be expressed as: 

v x = u cos cj) — v sin cj) v y —u sin </> + v cos cj) (50) 


By substituting Eq. (50) into (49) and setting </> = 0, differential relations along the 
slip lines are obtained: 

Along an a-line: Along a /1-line: 

du — vd(f> = 0 dv + ud(j> = 0 (51) 


These are the Geiringer equations [59]. Even though incompressibility is 
assumed, the velocity component tangential to a slip line may change. Such a vari- 
ation is introduced by the curving of the slip lines. A constant tangential velocity 
along a slip line can be expected if the slip line is straight or if the velocity component 
normal to the slip line is zero. The last is the case for curved slip lines marking the 
boundary between flowing metal and dead zones. 

Velocity discontinuities can be expected to be present when the hyperbolic 
equations are solved. Since mass has to be conserved the velocity component normal 
to a line of discontinuity can not alter when passing it. The tangential component, 
however, may change (Fig. 41(b)). Hence, the discontinuity line may be looked upon 
as one alone which the rate of shear is infinite. The discontinuity line will then also be 
a slip line. Along such a line the change in tangential velocity will be constant. 

Two theorems that are of practical interest when a slip line field is to be drawn 
are Hencky’s first and second theorem. These follow directly from the Hencky 
equations. The first states that the following relations can be taken to hold for 
the values of <f> and p in the point A, B, C and D on the Fig. 41(b): 

0c - 0d = 0 a - 0b Pc ~ Pd = Pa- Pb (52) 

Thus, when going from one slip line to another in the same family the angle 
turned and the pressure change will always be the same. 

Hencky’s second theorem is based on the first and states that the curvature of 
lines of the other family decreases in proportion to the distance travelled along 
a slip line. If R and S are the curvatures along the a- and /1-lines respectively 
and s a and sp the corresponding coordinates, the theorem yields: 

dR ,95 

= - 1 ^— = -1 =>■ 

dsp ds a 
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Along an a-line: 
dS + Rd(f> — 0 


(53) 


The last is a result of the mere definition of curvature. As can be seen, the 
curvature will decrease steadily as one moves to the concave side of the slip line. 
If the plastic zone extends sufficiently far, the radius of curvature finally vanishes. 
Discontinuities may, however, exist. The differential Eqs. (53) are of the same form 
as (51). Furthermore, by moving along the slip lines, the Mikhlin coordinates shown 
in Fig. 41(b), will change according to an equation of the same form: 

Along an a-line: Along a /Mine: 

dy + xd<f> = 0 dx —yd<j> = 0 (54) 


The equations of the slip line theory can either be solved analytically, numeri- 
cally or graphically. Complete analytical solutions are available for only a few 
problems. An example that will be provided is the process of frictionless plane strain 
extrusion at R = 3. If an area is determined uniquely by the stress boundary con- 
ditions, however, the pressures and slip line directions at a point (m,n) can be deter- 
mined directly from known values at neighboring points by the Hencky equations: 


p(m, n) — p(m, n — 1) + p(m — 1, n) — p(m — 1, n — 1) (55) 

<f>(m, n) — 4>(m, n — 1) + cf>{m — 1, n) — (f>(m — 1, n — 1) (56) 


The velocity field and the geometry of the slip line field have to be calculated 
with the help of Eqs. (51), (53) and (54) within the area that is defined uniquely 
by the boundary solutions. If the slip-lines are curved at all points a closed form 
solution may be obtained by combining each pair of equations to the equation 
of telegraphy: 


#f_ = 

da dp 


(57) 


/ may in this case be either the velocities, curvatures or Mikhlin variables, a and 
p are the coordinates along the slip lines and are related to </> as cp = </> 0 — a + /f 
where <f> 0 is a reference. Depending on the curvatures of the slip lines, a solution 
giving the form of the field and the velocities will be provided by either the modified 
Bessel function of the first kind or the Bessel function of first kind: 


/(a, [>) = ^[a n / n (x, P) + cJn+PP, a)] 

n=0 



(58) 


OO 


/(a, P) = ^[a n g n (a, p) + c n g n+l (P , a)] 

n=0 


gn(a, P) 



(59) 


The constants will then be determined from the boundary conditions. 
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As the analytical solution may be hard to perform, the geometry of the slip line 
field may be calculated numerically by the discretisation of the Eqs. (54). A constant 
angular distance in both a- and /)- direction is chosen. The values of the Mikhlin 
coordinates in a point (m,n) are then calculated as those in neighboring points 
(m,n— 1) and (m— l,n) are already known. 

x (m, n) — x(m, n — 1) = - \y(m, n ) + y(m, n — l)]/rA </> (60) 

y(m, n ) — y(m — 1 , n) = — - [x(m, n ) + x(m — 1 , «)]AA</) (60) 

H and 1 are either — 1 or 1 depending on whether A</> decreases or increases when 
going from the neighboring points. The velocity field can be found in the same 
manner. 

A complete geometrical slip line solution is provided by Prager’s method [60] 
(Fig. 42). As three aspects are of interest, the stress state, the velocity distribution 
and the geometry of the slip line field, it seems natural to generate three geometrical 
representations, the stress plane, the hodograph and the physical plane. The stress 
plane consists of a number of Mohr’s circles, representing the state of stress at 
all points in the material. As the material is assumed to yield, all states provide 
circles with the same radius, k. The position of the pole will then be of primary 
interest since it will characterize the state of stress. When one moves along a curved 
slip line, the stresses are observed to change and consequently also the position 
of the pole. Lines showing its movement can then be drawn in the stress plane. 
The lines corresponding to the movement along an a- and /1-lines are the cycloids 
that would be generated if the Mohr-circle had rolled without slipping on the lines 
r — k and x — — k. More importantly it can be shown that their form corresponds 
to the form of the slip lines in the physical plane. 

The hodograph is simply a representation of the velocity vectors at each point 
in the physical plane. The vectors are constructed from the same point so that 
the changes in velocity between two points will be given by the vector drawn between 
the their arrow heads. An important property is that while the slope of the a-line is 


(a) (b) (c) 



Figure 42 Slip line solution by Prager’s method: (a) The physical plane; (b) The stress plane; 
(c) The hodograph. 
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tan </>, the relation dv y /dv x will be — cot (/> along the line. Hence, the vector giving the 
change in velocity at a point will be directed normal to the slip lines. This is in accord- 
ance with the fact that no elongation will be expected along the slip lines. 


4.2.9 Frictionless Extrusion with R~ 3 


A simple analytical slip line solution may be obtained if it is assumed that extrusion 
of R = 3 with no friction forces along the container wall and die is performed as 
shown in Fig. 43(a). The problem is regarded as one of steady state. A velocity 
is prescribed for the piston. Other boundary conditions are assumed to be expressed 
in terms of stress. Neither a bearing channel nor a puller is included in the analysis. 
Therefore the material will be free from tractions at the die opening, a x — 0 and 
r xy = 0. It may then be seen that some kind of discontinuity must exist since equi- 
librium does not allow the stress component along the x-axis to be zero for the 
material close to the die. The solution is the construction of a fan field since this 
allows an abrupt change in the hydrostatic pressure along a given line. 

If it is assumed that the state of stress in zone I is one of yielding, it can be 
determined uniquely by the boundary conditions. The Mohr circle reveals that 
the stress component <r y — — 2k. As a result the lines of maximum shear must be 
inclined at an angle of 7r/4 and — n/4 to the x-axis. Hencky’s first theorem indicate 
that both the angle r/j and the hydrostatic stress, p = k, will be uniform in zone 
I, and therefore it will have the form of a triangle with straight edges. 

In zone II the a-lines are taken to be radial and /1-lines tangential. As the radial 
lines are straight, the hydrostatic pressure can be expected to be uniform along these 
lines. A singularity will then exist at the point where the radial lines run together, the 
presence of a sharp edge being the cause. Along the /1-lines the expression p - 2k </> is 
constant. If </> is chosen to be — n/4 at the boundary between zone I and zone II 
where p = k, the pressure along an arbitrary /1-line will be p = k + k7t/2 + 2k<p. 
The boundary to zone III will be a straight line at (j> — n/4. The reason is that 
the characteristics also in this region must be straight and inclined at an angle 
n/4 and —n/4 due to the boundary condition r xy = 0 at the die. Hence, the 
hydrostatic pressure increases from k to k( 1 + n ) from region I to III. This corre- 
sponds to a movement of the center of the Mohr circle a distance kn to the left. 
The coordinate stresses in region III may then be calculated to be: 

cr x = — p — A:sin2(/> = —k{\ + n) — k sin 2^ = — 2k{\ + ^ (62) 


er y = —p + A:sin2(/> = —k( 1 + n) + A: sin 2- = —kn 


(63) 


r xy = 0 in accordance with the boundary condition and Hencky’s first theorem. These 
results can also be obtained graphically through Fig. 43(c). The stress component a x 
constitutes the pressure experienced by the die. 

The velocity field may then be calculated. The material to the left of the plastic 
zone is assumed to be rigid and is therefore expected to move with the same velocity, 
V, as the stem. Since the incompressibility condition can be expected to hold, the 
velocity of the extruded profile will be R x V. The straight characteristics of region 
I indicate a uniform velocity of the same magnitude in the x-direction. In region 
III the material must flow along the die surface. Since the characteristics are straight 
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Container 





Figure 43 Slip line solution for indirect extrusion at R = 3. (a) Geometry and slip line grid; 
(b) The hodograph (velocity field) and the flow lines; (c) The state of stress. 
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also in this region, one must expect that the velocity is uniform. The line that 
separates region III from the rest of the container, must then be a velocity dis- 
continuity. As expected, this is also a slip line. The change in flow velocity will 
be directed tangentially to the discontinuity line and be V2V (Fig. 43(b)). As 
can be seen, the flow velocity in region III will also be V. 

The remaining question is then how velocity changes take place in the fan. The 
simplest way to answer this is by constructing the hodograph (See Fig. 50(b). The 
velocity vectors representing region I, III and IV are drawn first. The vector 
representing the discontinuity between the regions III and IV is then added, con- 
firming assumptions made earlier. One should notice, however, that the magnitude 
of a velocity discontinuity is constant along a characteristic. Therefore, the velocity 
discontinuity at each point along the outer ^-characteristic may be drawn as a radial 
line with a length V2V starting from the end of velocity vector of region IV. The 
circle sector generated in the hodograph will span the same angle, n/2, as the sector 
in the physical plane. Thus, there must also be a velocity discontinuity of the same 
magnitude on the border between the fan and region I. As expected, the geometry 
of the hodograph resembles that of the characteristics in the physical plane. 

The main objective with using the slip line theory is to obtain a simple math- 
ematical description of the flow paths and deformation history. The uniform flow 
velocity in regions I, II and IV may easily be described by constant components 
in the x and y direction. In order to obtain expressions for the velocity in region 
II one has to apply the Geiringer equations. In polar coordinates the criterion 
of no elongation along stream lines may be written as: 


e r 



^0 


^ + - = 0 
rd(f> r 


(64) 


The first equation confirms that the radial velocity only will be function of the 
angle (/>. As no radial discontinuity in velocity can be allowed for a material particle 
going from the outer field and into the fan, v r must be cosine function which yields 
— V for <p = 0. The second of Eq. (64) may then be solved with the boundary con- 
dition v^in/A)— —\flV. The velocity components in the fan are then: 

v r = — Fcos (/) V(t> = Vsm4>-V2V (65) 


The shear strain rate and equivalent strain rate may be calculated from the 
above expressions: 


1 3v r 
^ = ~r^f> 


3'V 

dr 


— = V2 — 


b = M = PlY_ 

V3 V 3 r 


( 66 ) 


By the help of the definition of radial and tangential velocity, the flowline 
through the fan for a particle starting at (r 0 , (f> o) on the boundary may be calculated: 

1 j, 

, T , , —=co&4> 

Vr _ _ V COS (f> _ V2 67 

v^~ rd<t>~ Vsm^)-V2V~ l _J_ sm , 

sfl 
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Integration and use of the of the known starting point (r 0 , 0 O ) at an edge of the 
fan provides the equation for the flowline: 


r — 


r Q 


V2 - sin 0 O 
— sin 0 


( 68 ) 


Some of the possible flowlines are shown in Fig. 43(b). If such a line enters fan 
at r 0 on the characteristic 0 = n/4, the ratio r/r 0 will be independent of the value 
of r Q . This is due to the lack of variation in particle velocity along an a-characteristic. 
As a result, all such flowlines in the fan have the same form. By inserting data one 
finds that r < r 0 for all 0 except when r — r Q = 0. This is accordance with the fact 
that the material is compressed during extrusion. 

The study of deformation of rectangular grid patterns constructed on the billet 
proves valuable as it opens for a comparison of the experimental and analytical 
results. Furthermore, emptying diagrams, which can be derived numerically, 
may also provide information about the origin of material particles in the profile. 
Thus, at least qualitative data on the deformation of material particles and the 
danger of inferior surface quality due to the inflow of particles from the billet surface, 
may be obtained through the use of slip line theory. If one is to relate the position of a 
particle in the billet to that in the extruded profile, one has to calculate both the 
coordinates of the path-line and time spent on travelling along the line. As material 
particles in all but the fan region are expected to run along straight lines with a 
prescribed velocity, most of the necessary calculations are trivial. In the fan, Eq. 
(68) describes the flowlines. The corresponding expression for the time needed 
for a particle to travel from one point on the flowline to another, must be derived 
from the definition of tangential velocity, v\phi—r d0/dt. An integration then 
results in: 


t 



<l> 

d<\) = - y(V2- sin0 o ) 

00 


d(\> 

(V2 — sin 0) 2 


ro 

V 


(V2 - sin 0 0 ) 


cos 0 

.V2 — sin 0 


— 2V2 arctan 




(69) 


where 0 o and 0 are the angles marking respectively the start- and the endpoints of the 
flowline. In order to calculate the time spent on going through the whole fan, one 
must set 0= — 7i/4 and (r 0 , 0 O ) either equal to ( r 0 <R , — 71/ 4) or ( R , 
-7r/4 < 0 o < 71/ 4) depending on the boundary section of the fan crossed. 

Figure 44(a) reveals the geometry of the calculation model. The deformation of 
a straight line starting at x = 2L is then studied by calculating the time taken for a 
particle to flow from the line to various points and then drawing iso-time curves. 
In the region denoted IV, the material will move uniformly and the line will remain 
straight until a part of it touches the fan. The material in the fan will then accelerate, 
and due to the geometry of the fan field a part of the line at a short distance from the 
centerline will move forward relative to line segments both on the left and the right 
side. Particles on the centerline will experience a sudden increase in velocity when 
entering region I. However, it turns out that some particles that have been accel- 
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erated through the fan on the average will move the fastest, and, thus, constitute the 
most forward part of the iso-time curve in the profile. The particles close to the 
container walls will be delayed due to the long distance they have to travel. Since 
zero friction conditions are assumed, however, material from the container surface 
will eventually reach the profile surface and potentially cause poor surface quality. 
Dead zones will not be present. The last observation is confirmed by Fig. 44(b), 
which is the emptying diagram for the model used. The diagram is obtained by 
calculating the time each particle in the container will need to reach the die opening 
of container. Iso-residence-time curves are then drawn. The two diagrams presented 
essentially give the same description of the extrusion process. 

If it is assumed that extrusion is performed with a high flow rate, heat transfer 
will mainly be convective and the temperature of a particle will at any point be 
proportional to the amount of heat received. Conditions are then assumed to be 
adiabatic. As a material is deformed, the energy spent on deforming it will either 
be stored in the microstructure through a high dislocation density or dissipated 
as heat. In the case of cold working the first part will not amount to more than 
about 5%. As both work hardening and recovery/recrystallization take place during 
extrusion the dislocation density does not necessarily increase and therefore the part 
of the energy stored in the microstructure may be neglected. As a result one may 
roughly state that the increase in thermal energy of a particle will be equivalent 
to the heat provided by dissipation: 

pcT = 0Cjj8jj = oe (70) 


(a) (b) 



Radius [mj 


Figure 44 Material deformation in extrusion with R = 3 and r 0 = 0.05 m / sec. All times in 
seconds, (a) The deformation of a line which is straight at x = 2 L = 0.2 m and t = Os; 
(b) The emptying diagram; (c) Velocity vectors. 
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where p is the density and c the heat capacity. The temperature will increase through 
the fan and when crossing a velocity discontinuity. In the areas where the material 
moves with a uniform velocity, no strain rates are expected and therefore no increase 
in temperature either. An analytic expression for the rise in temperature through the 
fan is obtained by performing an integration of Eq. (70) with respect to the time spent 
on travelling from one point, (r lh </> 0 ), to another, (r, <f>). Equation 66 is an expression 
for the equivalent strain, and Eqs. (68) and (69) must be applied as they describe the 
path followed and relate the time increment to an increment in the angle, cp. If k is 
taken to be constant, an expression for the difference between the temperatures 
at two points in the fan is: 


i 


T — To = 


-2 


= Jl- 

pc V 3 pc 

to to 

sec 2 (j)(V2 — sirup) 




1 — \fl sim p 
— sirup 


1 + ( V2 tan 


-'Y 


dt 


(71) 


If o' = and integration is performed the result i 


is: 


T — To = 2V2— ( arctan( V2tan^ — 1 ) — arctan( \/2tan^ — 1 
pc 


(72) 


The adiabatic temperature change through the fan is only dependent on the 
point where the material enters and on the total angle turned. In other words, 
an increment of temperature change will only depend on the increment of change 
in angle. The material that enters the fan at the angle cp — n/A will experience a tem- 
perature rise that is independent of r 0 , and, therefore, the material closest to the 
surface will leave with a uniform temperature. Even though the value of the strain 
rate goes to infinity for small radiuses, temperature changes will be limited as 
the time spent in the fan approaches zero. If, however a material particle enters 
the fan at an angle (po < n/4, the increase in temperature through the fan will 
be smaller, and the material in the center of the profile can be expected to be colder 
than that on the surface. 

Velocity discontinuities represent areas of concentrated shear. If it is assumed 
that the discontinuity has a certain thickness, 5, the strain rate experienced by a 
particle going through a discontinuity will be y — A v/5 where Av is the sudden change 
in velocity tangentially to the discontinuity. The time spent on passing the disconti- 
nuity will be A? = §/ v n where v n is the component of the velocity normal to the dis- 
continuity line. The total straining of a material particle going through the 
discontinuity will then be y — y ■ At — Av/v n . On the discontinuity between region 
III and IV v n can be expressed as: 


Ay = 


Av 

Vn 


VV2 

VV2 


(73) 
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(a) (b) 




Figure 45 (a) Temperatures given under adiabatic conditions with billet preheated to 

450°C; (b) Hydrostatic pressure during extrusion [MPa], 


In the same way the discontinuities between the regions I and II and II and IV 
can be shown to give the total strain of respectively 2/3 and ^2 /cos(f>. The rise 
in temperature due to a number of velocity discontinuities can be calculated to be: 


AJ , = frSAy 
pc 


(74) 


If it is assumed that the billet originally has a uniform temperature of 450°C, 
the adiabatic temperature at a certain point may be calculated simply by adding 
the contributions from all areas of shear the particle at the point has passed. 
The result is shown in Fig. 45(a). In reality, both friction at the container wall 
and at bearing surfaces will contribute to even higher temperatures close to the sur- 
face of the profile. The adiabatic assumption may also often prove to be not entirely 
correct, and as a result, the temperatures at least in the profile leaving the container 
may be lower and more uniform than expected. 


4.2.10 Alternative Slip Line Fields 

The motivation for choosing a case with an i?-ratio of 3 and frictionless conditions is 
mathematical simplicity and not the model’s coherence with reality. Extrusion 
usually takes place at i?-ratios that can be many tenfolds larger than 3, and due 
to the presence of friction, the velocity fields differ significantly from the one 
proposed. However, as the extrusion process traditionally has been a popular test 
case for the application of theory, a large number of analytical and semi-analytical 
slip line solutions have been found. Books on the classical slip line theory [61,62] 
present quite a few problems with different assumptions connected to friction 
and reductions. 

Figure 46 gives an example of a slip line field in the case where there is sticking 
friction between the flowing metal and the tooling. If the friction model is to be that 
of Tresca, the shear stress between the container wall and the flowing metal is equal 
to the shear yield stress of the metal. As this is also the maximum shear stress 
possible, the slip lines that interfere with the walls have to be either normal or 
tangential to it except at singularities. The slip lines of both families also have 
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Figure 46 Slip line field for the direct extrusion of aluminum under the assumption of full 
sticking at the walls of the container and the die. 


to meet the center axis at an angle of 71 / 4 due to the symmetry condition. The slip line 
field may then be calculated both analytically and numerically as earlier described. 

When applying numerical methods the slip lines in the grid should be separated 
by a constant increment of the angle, A <f>. The geometry of the container, particularly 
the JUratio, will uniquely determine the angle between the outermost radial lines of 
the fan. If R reaches about 12.5, the analysis breaks down as the upper radial line 
then is tangential to the surface of the die. When the slip line field is determined, 
the stresses follow directly from Hencky’s equations. The coordinates in a xy-system 
may be calculated by starting at the fan and working outwards under the assumption 
that the line segment between two nodes is approximately straight. 

In order to obtain the velocity field, the boundary conditions have to be 
determined. The material to the right of the slip line field is assumed to move 
uniformly at the pace of the piston. This can be used to calculate the velocity com- 
ponents along the velocity field in the rightmost part of the slip line field. In the 
dead zone the material velocity is expected to be zero, and velocity components 
normal to the closest slip line vanish. Consequently the velocity tangential to this 
slip line is constant and equal to the velocity of the piston, which then also is 
the magnitude of the velocity discontinuity along the line. A last boundary equation 
is that the components of velocity along the symmetry line must be equal as it is a 
flowline. In order to obtain a numerical solution to the problem a discrete form 
of the Geiringer equations have to be applied. The values of the components of 
velocity in a node are then found from the corresponding values in the neighboring 
nodes. By a method of trial and error, the velocity components at all points on 
the symmetry lines are varied until all boundary conditions are satisfied 
simultaneously. 

4.2.11 The Slab Method Applied in the Study of Friction on Bearing 
Surfaces 

The strip or slab method, which is a part of the elementary plasticity theory, is based 
on a simplified view of the state of stress in the material. Usually only conditions of 
plane strain are considered. The work piece is directed along an axis, say the x-axis, 
and then divided into a number of infinitesimally thin strips, each with a thickness 
dx. These are studied individually. In order to make this division worthwhile 
one has to neglect all other velocity components than that along the x-axis. At 
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the same time one assumes that the principal directions of stress and strain are along 
the coordinate axes. Differential relations describing both the velocity field and the 
stress field may then be obtained simply by asserting that the equations of conser- 
vation of volume and motion in v-direction have to be satisfied. The relation between 
different components of stress is obtained through the Tresca yield criterion. 

The slab method has been applied on a range of problems connected to 
materials forming, such as drawing, rolling, forging and extrusion. The results 
obtained are usually the forming forces, which strictly must be taken to be lower 
bounds as the method is based on equilibrium considerations. However, the slab 
methods will at best only give a simplified view of the stresses and deformation 
in the metal and at worst provide totally erroneous results. This is especially the 
case when the slab method is applied in the study of the relatively complex flow 
in the container during extrusion, as the assumption regarding the principal direct- 
ions of stress need not be correct. Another problem is that the slab method does 
not accept large changes in geometry along the .\-axis because the analysis then will 
be inconsistent. The extrusion force may be calculated to be in accordance with 
the relation F=a + b In(i?) also with the slab method, but one must be aware 
of the fact that the method of calculation only guarantees the result in case of small 
values of the reduction ratio. 

In relation to the extrusion process, the slab method may probably most 
effectively be applied in the study of the pressure build-up through the bearing 
channel. Usually, analytical solutions neglect the presence of such a channel all 
together, but in practical extrusion bearing surfaces of zero length are neither poss- 
ible nor desirable. The pressure build-up caused by the friction between the flowing 
material and the bearing surfaces may actually be utilized to control the flow 
and therefore also the profile quality. The aim will then always be that the velocity 
in the cross-section of the profile leaving the die should be as uniform as possible 
and that no internal stresses should be generated. The general rule is that a material 
particle will flow in the direction of the lowest pressure gradient. If the material 
flows to fast over a certain part of the cross section as a result of low flow resistance, 
one must attempt to force the material flow in other directions by increasing the 
length of the bearing channel and thereby also the total friction force. As less 
material then is expected to enter the region, the flow speed is reduced and hopefully 
made more equal to that of neighboring parts of the cross section. 

When bearing channels are not properly adjusted, as often is the case in con- 
nection with complex die geometry, the result will be unbalanced and uncontrolled 
flow, but not necessarily totally unusable products. If the material flows faster 
in parts of the cross-section, the profile can be expected to bend as its leaves the 
die. If velocity gradients perpendicular to the flow direction also exist during further 
extrusion, the profile walls may buckle or twist in areas with too great speed and 
experience thinning or even tearing where the velocity is to low. However, as more 
of the profile is extruded the material will usually leave the die at an almost uniform 
speed. This is due to the fact that velocity gradients will cause shear stresses, which 
in the next turn will contribute to the reduction of such gradients. The result is that 
residual compressive stresses can be found in the parts of the profile that experienced 
the largest flow velocity in the bearing channel. Tensile stresses will be generated in 
slow flowing parts so that a force equilibrium eventually will exist. This 
self-stabilizing effect is present in a number of metal forming processes and explains 
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why relatively satisfactory product quality can be obtained without total process 
control. However, complete reliance on such an effect is not desirable since the con- 
trol of flow velocity in products with variable wall thickness and especially in 
thin-walled section is inefficient. Furthermore, residual stresses have to be properly 
removed by a stretching operation. This is particularly important if further oper- 
ations such as for instance bending are to be performed on the profile. 

The lengths of the bearing surfaces may be from a couple of millimeters to 
about a centimeter, and the surface area constitutes only a very small percentage 
of the total area of interaction between the flowing metal and the die. Furthermore, 
short bearing surfaces are generally preferred as they generate less friction and there- 
fore reduce the need for a large extrusion force. However, even relatively short bear- 
ing lengths generate large increases in the needed extrusion pressure. And most 
importantly, the interaction between the flowing metal and the bearing surfaces 
is maybe the most complex and variable element of the extrusion process and, thus, 
can be expected to be of prime importance to product quality. As will be explained 
in the next section, the study of interaction between flow stability, die deflection 
and friction in the bearing channel is one of the most interesting fields of research. 

A simple slab analysis will be performed in order to calculate a rough mean 
value for the pressure rise through the bearing channel due to the presence of friction. 
As will be explained later, one may assume that the flowing material sticks to the 
bearing surface over the first 4 mm and that the shear stress in the sticking region 
is constant and equal to the shear yield stress k. The friction close to the outlet will 
be of Coulomb type, and it is assumed that the shear stress in the slipping region 
decreases linearly from the slip point and towards the outlet. The last assumption 
is probably only correct if the normal stress to the bearing also can be expected 
to decrease towards the opening. The bearing surfaces are taken to be parallel 
at all points. Usually, bearing surfaces are either converging or diverging and 
are said to be designed with respectively a choke or a release. The establishment 
of the position of the slip point where material starts gliding along the bearings 
and a surface may be said to be created, represents the main problem. Even though 
experiments have confirmed the presence of such a point, and its position has been 
determined for various choke angles, bearing lengths, alloys and extrusion rates, 
no rigorous method of estimation this parameter has yet been developed. Hence, 
when performing both analytical and numerical calculations, assumptions are 
usually made regarding the position of the transition region. This introduces an 
uncertainty into the analysis. In the following slab calculations (Fig. 47) the friction 
against the bearings will be described by the equations: 

0 < x < 4[mm] : t = 30 [MPa] 

25 (75) 

4 < x < 8 [mm] : t = 55 — — x [MPa] 

The slip point is, thus, assumed to be at x — 4 mm, and the shear stress at the 
opening is set to 5 MPa. Finally, the principal stress directions are chosen to be 
parallel to the coordinate directions. This is actually only correct near the x-axis, 
along which the coordinate shear stresses may be expected to vanish due to 
symmetry. Close to the bearing surfaces the presence of the boundary condition 
makes it evident that the assumption regarding principal directions must be 
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(a) 


Die 




(b) 

T [deg rees C],-n.,T[MPa] 


<c) 


T [degrees C] 



Figure 47 Slab model of the material flow in the bearing channel, (a) The geometry of the 
model; (b) Variation in stresses and temperatures throughout the bearing channel (L = 8 mm); 
(c) Development of the temperature field in the bearing channel. 


incorrect. However, if it is assumed that the inconsistencies may be neglected, a force 
equilibrium will yield a differential equation for the x-component of stress; 

( i dcsx \ t 

tr x H — - — dx ) x 2s — cr x x 2s — 2t x dx = 0 da x = -dx (76) 

dx ) s 


Integration from x = 8 to x = 0 mm then provides the stress along the bearing 
channel. First, the integration is performed from x — L — 8 mm to x = x s = 4 mm 
with the assumption that a x (L) = 0. Then, <t x (x s ) = — 70 MPa is found and the data 
is used in the integration from x = x s to x = 0. The result is; 


0 < x < 4 [mm] : 


X s 


ff x (x) = <r x (x s ) - 


30d£ — —190 + 30x 
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4 < x < 8 [mm] : <r x (x) = a X (L) — 


25 


25 


55 - ^ £ ) d£ = - ^x 2 + 55x - 240 


(77) 


From the criterion of full sticking and the above equations it may be seen that 
the stress component normal to the bearing surface will decrease linearly in the 
sticking region, which is in accordance with the assumptions made. At the inlet 
to the bearing channel the x-component of normal stress is then calculated to be 
— 190 MPa. This result may be used as a rough estimate in a slip line analysis. 

The slab method may also yield a rough estimate of the temperature increase 
through the bearing channel. The y-axis is assumed to be directed normal to the 
bearing surfaces. As heat will be generated on the surface between the flowing metal 
and the die it is natural to expect that the temperatures of greatest magnitude may be 
found in this area. At the same time, the temperature will increase steadily towards 
the outlet of the bearing channel. A simple approximate temperature field can 
be assumed to satisfy the relation: 

7’=7’ S + A7’0' (78) 


where 2s is the width of the bearing channel, and the parameters T s and AT are only 
dependent on x. It is then assumed that all heat generated on the boundary between 
the die and profile will contribute to an increased temperature in the profile and 
that heat conduction only will take place in the y-direction. Thus, 


Qy 


= -2 


dT\ 2 X AT 

d y) y =~ s 


. m »xs 
AT = — — t 
22 


(79) 


where v is the extrusion speed and t is the shear stress on the boundary. AT will then 
be a function of x and therefore also x. In this example the following material par- 
ameters are used: v— 1 m/sec, 2 = 200 W/mK, p = 2700 kg/m 3 and c= 1100 W/mK. 
For x < 4 mm AT will be constant and equal to the original value of 75°C since the 
shear stress is constant. From x = 4 to x = 8 mm the value of AT will decrease linearly 
to 12.5°C at the outlet due to decreasing x. Since the heat generation connected to 
friction will be spent on increasing the temperature, T s must be expected change 
along x. As A T will not be altered for x < 4 mm, all heat added will contribute 
to the increase of T s . The heat balance for an element is then: 

—qvdxdt = pcdT s sdx T s (x) = ^ y = — - = 10.1.x (80) 

pcsv pcs 

x is given in millimeters. As only changes in temperatures are to be assessed, r s (0) is 
set to 0, and the value of T s at x = 4 mm can be calculated to be 40.4°C. A similar 
equation may be derived from the heat balance in the case where AT varies along 
x: 


—qy dx dt = pc 


dT ' 




s dx 


(81) 
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The term 1/3 is due to the parabolic AT-distribution. Integration and substi- 
tution of q — — tv then yield: 


T s (x) = T,(x s ) + l -AT(x s ) - \aT(x) + — t (QdZ 
3 3 pcs c 


(82) 


In the present example a closed form solution can be reached if the functions 
AT(x) and t(x) are inserted, x is to be given in millimeters. 

T s (x) = -37.67 + 23.73.x - 1.05.x- 2 (83) 

The temperature in the middle of the profile at the outlet (x = 8 mm) may there- 
after be calculated to be approximately 84.8°C. As expected the temperature in the 
mid-section of the profile has risen through the bearing channel, but the transversal 
temperature gradients are reduced due to the decreasing amount of dissipation 
through friction in the slipping zone. If x and y still are taken to be in millimeters, 
the total temperature function may be written: 

T(x,y) — 10.1.x + 75y 2 

T(x, y) = -37.67 + 23.73.x - 1.05.x 2 + 2.5 (^55 - ^xV ' ^ 

The curves for T(x, 0) and T(x, 1) are given in Fig. 47. Here, it is assumed that 
7’ S (0) = 500°C and not 0. 


4.2.12 Numerical Analysis 

A complete analytical description of the extrusion process is of interest since it 
simplifies parameter studies, and since numerical results can easily be obtained 
and therefore also applied in on-line process control. However, such solutions 
are rarely found for more complex geometries with multiaxial stress and 
strain-states, and will only under the simplifying assumption of adiabatic conditions 
yield a proper estimate on both the strain rate and temperature history. Today, it 
seems as the most satisfactory alternative or complement to closed form solutions 
has been provided by the finite element method (FEM) [63-65]. 

A FEM solution for a plastically deforming material is, however, nothing but 
an upper bound solution, as the method utilizes the calculation of work done on 
the volume of the elements during a virtual deformation. The main difference 
between a numerical and an analytical approach is that fewer elements usually 
are applied in the later, and therefore, that the corresponding kinematically admiss- 
ible velocity field provides a higher upper bound. If one assumes that the material 
model and boundary conditions give an accurate description of reality, a numerical 
method will in the very limit of infinitesimal elements both yield a solution which 
is correct and continuous. Such is evidently inachievable as the number of elements 
and therefore also the computation time would be infinite. Presently, the numerical 
codes for axisymmetric and plane strain solutions work satisfactorily, and some 
approaches have been made in order to solve problems of the full three dimensions. 
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Undoubtedly, the finite element method constitutes a valuable tool when one is 
to simulate both continuum thermomechanical and metallurgical aspects of the 
extrusion process [66,67]. The approach, however, has to be indirect as the FEM 
method does not address problem at micromechanical level. Firstly, constitutive 
relations such as that of Zener-Hollomon may be determined experimentally, 
and one should therefore theoretically be able to predict material behavior with 
the help of the principles of metallurgy. Furthermore, material anisotropy may 
be determined from metallurgical studies, and such information may in theory, even 
though still not in practice, be implemented in a numerical code. Shorter routines for 
calculation of changes in the microstructure of the material after and during 
extrusion may also be added to the FEM-program. The elongation, shearing 
and rotation of grains can then be calculated through a Taylor-analysis [68], 
and although the theoretical fundament of this approach is far from flawless, exper- 
iments tend to give results in fair accordance with calculations. By obtaining infor- 
mation about stain, strain rate and temperature history of each particle one 
should also be able to assess the degree of recrystallization and changes in dislocation 
density. 

Numerical modeling of extrusion also has other advantages to analytical 
calculations. Since conduction of heat may be simulated, one need not limit the 
analysis to one of large extrusion rates and adiabatic conditions [69]. Furthermore, 
the equilibrium and energy equations may be solved simultaneously, the result being 
that one manages to capture the strong two-way thermo-mechanical coupling 
inherent in the equations. Whereas simpler calculations may be performed so that 
the temperature field is affected by mechanical dissipation, one will hardly be able 
to model the temperature’s influence on the constitutive relation. Consequently in- 
formation on the softening effect on material during extrusion is lost in analytical 
calculations. One may, however, argue that calculations with one way coupling 
and a perfectly plastic material model will give results not far away from those pro- 
vided by a more complete model. The reason for this is that larger strain rates 
and the higher temperature caused by increased dissipation, affect the shear yield 
stress in opposite directions. Furthermore, as shear deformation preferentially takes 
place on planes with the lowest shear resistance, there is some kind of a 
self-regulating mechanism, which establishes a state of quasi-equilibrium between 
the deformation and temperature field at all times. Even though it has not been 
proven, one may expect that the shear stress on the planes of deformation will 
approximately be a constant, a yield stress. 

Numerical simulations are also advantageous in that they have the potential 
for capturing the thermo-mechanical interaction between the flowing metal and 
the tooling. Until now only two aspects of this coupling have been properly 
exploited, the description of friction on the bearings and on the container wall 
and the description of heat conduction between the tools and the aluminum. A sol- 
ution of the complete heat conduction problem can only be found if the geometry 
of the stem, die and container is prescribed, the mode of heat exchange between 
the flow and the tools is determined and the temperature field is calculated by FEM. 
Various FEM-packages perform this calculation in a satisfying manner. Few 
numerical codes, however, provide solutions for deformation of and stresses in 
the die, container and stem, and since most programs only manage to describe plane 
or axisymmetric geometry, the solutions that exist, yield insufficient information for 
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use for instance in the construction of dies [70]. Full thermo-mechanical description 
of this coupling for three dimensional geometry would be valuable since it would 
increase the understanding of how the deformation of the die influences aspects 
of profile quality such as dimension and surface finish, and since it could be used 
as a tool for designing new dies and profiles. A study of such is today hindered 
by the extremely long calculation times for three dimensional codes and incomplete 
understanding of friction phenomena especially in the bearing channel. 


P 


dui 

17 


+ («j - u oi ) 


du\ 

9*i 


9ffij 

dXj 


pc 
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+ ( M; - Moi) 
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d.Xj_ 


fyi , ■ 


(85) 

(86) 


Equations (85) and (86) are respectively the equations of motion and energy, p 
is the density of the material, uo is simply a reference velocity. The total stresses a,j is 
composed of a deviatoric and a hydrostatic part, jy and — pd^ respectively. Equation 
(85) reveals that a numerical procedure takes the acceleration terms into account. 
This stands in sharp contrast to analytical solutions, which usually assume 
stead-state conditions. Such an assumption is, however, only satisfactory in the 
mid-part of the extrusion charge. The extrusion process is transient in nature, 
and especially in the first and last parts of the extrusion run will a steady state 
assumption lead to numerical errors of some magnitude. 

The description of the problem is, however, not complete as the constitutive 
relations are not defined. The usual assumption is that conduction is determined 
by Fourier’s law, and a Zener-Flollomon relation may be applied in the mechanical 
equation. The last defines only a relation between shear stresses and strains, and 
the last equation of interest is that of incompressibility. Elastic effects may also 
be simulated, but as earlier explained calculations then tend to be more complicated. 

An element formulation may then be reached by multiplying Eq. (85) by a 
virtual velocity, (86) by a virtual temperature and the incompressibility equation 
by a virtual pressure, applying the constitutive relations and then integrating over 
the complete volume of the element. A system of equations which yields the change 
in velocity, pressure and temperature over a time increment is then reached. If 
the temperature and velocity fields are to be solved simultaneously, calculation times 
may be very high. Instead equations of temperatures and velocities /pressures are 
often uncoupled and calculated separately by an iterative technique. The reference 
list provides an example of a system of equations for one element, which is solved 
in the numerical program ALMA27I [71]: 


k uu k up 

_ k up 0 

mAT + (kcon + k dif )AT = S no d - mT - (k con + k dif )T + S hea t (88) 

The different ks represent “stiffness” matrices and the Ss are the “loads”. In the 
energy Eq. (88) the temperature state of the last time step as well as the dissipative 
heat will be the loads. Besides the traditional loads on the nodes, the acceleration 
term will be regarded as a load in the mechanical Eq. (87). 
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A number codes, which can be utilized in the study of extrusion, has been 
developed. Some of these programs are made with somewhat more general per- 
spectives, but function quite well in the study of extrusion although they are not 
ideally suited. One such is the program F1DAP, which is addressing more general 
fluid mechanical problems with an Eulerian perspective, and others are programs 
such as Forge2, Autoforge and Deform, which are Lagrangian programs meant 
to handle various problems in the field of materials forming. The main weakness 
of all these codes is that they originally were not meant to handle the special 
geometry of the extrusion process. Problems arise when material is entering the bear- 
ing channel and undergoes extreme deformation. In Lagrangian programs elements 
are severely deformed and will not yield proper results unless remeshing is performed 
continuously. In Eulerian codes a constant velocity at the outlet can not be specified, 
and therefore one will not be able to simulate the self-stabilizing effect which usually 
takes place in the bearing channel. Special programs, which handle most 
case-sensitive aspects, have been developed. One such is ALMA27r, which has been 
developed at SINTEF/ Norwegian University of Science and Technology supported 
by Hydro Aluminium. 

Experiments performed with the split-billet technique indicate that material 
deformation during extrusion is localized to very narrow shear zones as the one 
extending from the outlet of the container towards and along the container wall. 
This is typical for plastic deformation as the underlying equations in the case of 
constant yield shear strength will be hyperbolic and in fact allow distinct velocity 
discontinuities. Infinitely large spatial changes in velocity can, however, not be found 
for results provided by FEM, as the underlying equations are no longer hyperbolic, 
and as the solution itself is not given as a continuous function in space. A perfectly 
plastic material behavior for the whole billet is in fact impossible to simulate with 
methods known today, as the stiffness matrix will be singular and the velocity field 
indeterminate. Furthermore, if the material shows very low strain rate hardening, 
calculation times tend to be very long because a great number of iterations are 
needed to determine the states of deformation and stress. If sufficiently small 
elements are applied and the strain and strain-rate hardening exponents in a 
Norton-Hoff relation are taken to be sufficiently low, however, results in satisfac- 
tory accordance with as well analytical as experimental result can be obtained. Fig- 
ure 48 provides a comparison of a deformed network found experimentally and 
numerically. When studying the figure, one should remember that flow in the con- 
tainer is more easily simulated than that in the bearing channel, and that numerical 
results need not be that satisfactory in regions with large strain rates. 


5 RESEARCH TOPICS 

The use of aluminum sections in buildings, architecture, furniture, transport, elec- 
tronic equipment, heat exchangers, and in mechanical design generally, is well 
established. The thin-walled complex, multifunctional shape, with its low cost dies, 
with its availability, flexibility in shape, ease of fabrication and attractive surface, 
has made it a favorite for the creative designer. Many successful products have been 
created. Still there are considerable innovative potentials in exploiting the extrusion 
technology, its downstream processes and the aluminum alloys. Particular 
challenges are within the following areas: 
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( a ) Experiment 



( b) Computer simulation 



Figure 48 Comparison of numerically calculated (a) and experimentally found flow field; 
(b) for a reduction ratio of about 6 and under the assumption of full sticking at walls. 


• Reducing the variability of dimensions, shape, properties and surface 
appearances without cost increase. 

• Reducing wall thickness with narrow tolerances and increasing the strength 
of a section at reduced cost. 

• Combining generally available sections to large sections by stir welding, 
instead of using large presses for large sections with limited availability 
and high cost. 

• Combining extrusion, bending and hydroforming for cost-effective pro- 
duction of complex three-dimensional shapes with narrow tolerances 
and properties. 

As will and has been shown in this chapter, the hot extrusion process is charac- 
terized by; 

• A strong interaction between mechanical, thermal and metallurgical par- 
ameters during a press cycle. 

• A continuous and transient variation of temperature distribution and metal 
flow field in container and die during the press cycle. Each material element 
goes through a different thermo-mechanical history. 

• Sharp gradients in strain rate and temperature, both spatial and temporal, 
when the deforming material flows into and through the bearing channel. 

• An interaction between the displacements of the bearing channel walls, 
bearing channel friction, formation of the section surface and the stability 
of flow. 

• An absence of adequate in line sensors, predictors and actuators for con- 
trolling the variations in dimensions and shape of the extruded sections. 

• An absence of analytical models of the extrusion process being able to 
“catch” the basic feature of thin walled extrusion; the self-stabilization 
of the process. 
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• An absence of 3D numerical codes that are at a stage of development where 
studies of the self-stabilization phenomenon can be studied. 

Some selected research topics will be discussed that now seems ripe for 
“attack”. These topics are considered as fundamental, pre-competitive problems, 
that will form the base for the scientific theory of thin-walled extrusion. According 
to Storen [72], by the theory of extrusion we understand a theory that is able to 
make predictions about: 

• The flow pattern, the distribution of temperature and stresses and the evol- 
ution of microstructure of the deforming material in the container and the 
through the whole process. 

• The properties of the extruded, heat treated and fabricated section as func- 
tion of chemical composition, initial microstructure, shape of the section 
and the parameters of the processes that the section passes trough from 
raw material to finished product. 

• The sensitivity to variations in the die and section design and processing 
history on the material properties, surface, dimensional tolerances and 
optimal processing speed with a specified shape, alloy and production 
set up. 

As pointed out by Bishop [73] already in 1957 one has to apply the continuum 
thermo-mechanics of extrusion to quantify phenomena that are primarily of 
metallurgical origin, such as speed limit phenomena, flow resistance, the evolution 
of microstructure and the properties of the extruded section. A fully coupled theory 
of mechanical, thermal and metallurgical parameters has therefore to be developed. 
This, then may give the basis for the synthesis of alloy development, pro- 
cess-innovation and production optimization that is needed to release the potential 
of extrusion-based components and products with respect to the improvements 
in quality properties, economic efficiency and ecological effectiveness (Figs. 14 
and 15). In the following, a possible “research strategy” to achieve this is outlined. 


5.1 Numerical 3D Simulation and Laboratory Extrusion Experiment 

Validation 

The development of software for 3D thermo-elasto-viscoplastic flow of metals in 
interaction with thermo-elastic deflections of the tooling and the die is now 
approaching a level of precision and speed that the basic problem of the thin- walled 
extrusion process can be attacked [74], namely the phenomena of self-stabilization. 
With self-stabilization one understands the ability of the process to react to 
variations in the flow-, temperature- and the flowstress-field of the material 
approaching the bearing channel in such a way that the variation in dimension, 
shape, microstructure and surface-properties are kept within the required limits 
during a press cycle. In order to study this basic phenomenon in a systematic 
and quantitative way, the following set of systematic experiments is proposed 
performed (Fig. 49): 

• Thin strip extrusion 

• Thin-walled tube extrusion 

• Rectangular hollow thin walled section 
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Figure 49 Generic sections for 3D modeling. 

For the thin strip the width is kept constant, whereas the thickness is gradually 
reduced, giving an increase in reduction ratio, until instability in the form of buckling 
of the section is reached. In the tube, the reduction ratio is kept constant, whereas the 
tube diameter is increased and the wall thickness is decreased until the limit of sat- 
isfactory extruded section is reached. In the rectangular hollow section, the cross 
sectional area of the mandrel and the thickness of the section are kept constant, 
whereas the width /height-ratio is increased until the limit of satisfactory extruded 
section is reached. In the numerical simulation of these processes one will see that 
bearing channel phenomena will have major influence of the simulation results. 


5.2 Die Deflections, Friction and Surface Formation in the Bearing 

Channel 

A proper understanding of the interaction between the aluminum and the bearing 
surfaces has been viewed as a key to controlling dimensional variability and surface 
quality of the extruded profiles, and intensive research has over the last few years 
been undertaken in this field [75]. Most of the interest has been connected to the 
study of choked dies as only these are of commercial interest. If the die is designed 
with a release, friction forces will naturally be lower. However, the surface quality 
will usually be unsatisfactory since tearing, die lines or streaking may be caused 
by pick up deposited directly behind the main area of contact between die and 
the extruded metal. 

Due to the existence of friction forces and a non-linear material model, the flow 
through the bearing channel is a plug flow driven by the change in pressure from the 
inlet to the outlet. However, since the bearings are relatively narrow, a steady state 
can hardly be obtained. As a result, the velocity profile may be expected to change 
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almost continuously through the bearing channel. In the inlet, velocity components 
normal to the bearings will exist as the material flow enters the channel from 
the container. At the outlet the velocity field ought to be uniform. 

Figure 50 shows some of the phenomena observed in an experimental set up of 
extrusion of a thin strip with a split die, advised by Abtahi [76-78] and further 
studied by Tverlid [79] and Aukrust et al. [80]. In the inlet to the bearing channel, 
the flowing material is sticking to the die due to high contact pressures. By this 
one understands that there will be no relative velocity between particles on the 
boundary between the metal and the tool and, therefore, no distinct surface of 
the extruded metal either. The shear stress will be given by the constitutive equation 
of the deforming metal and may be relatively high due to high strain rates, 1000 
to 10,000 [1/sec]. As the pressure normal to the bearing surface decreases towards 
the outlet, however, one is to expect that the sticking friction at a certain point, 
the slip point, must be replaced by sliding. The sliding friction is regarded to be 
of Coulomb type since there only will be partial contact between deforming material 
and the bearings and the magnitude of shear stress is found to be dependent on the 
pressure normal to the bearing surface. Over a relative short distance denoted 



Figure 50 Bearing channel friction and stability of flow. 
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the transition region the slipping speed is increased from zero to full outlet extrusion 
speed. A positive gradient in the slipping speed means that new surface is forming. In 
the same region material particles will also move in a direction normal to the 
bearings. The position of the slip point will be determined partly by the normal 
stresses in the end of the bearing channel, the angle of choke, which affects the press- 
ure build-up, and the inlet radius to the bearing channel. Only in the limiting case of 
very large angles should one expect the slip point to be close to the outlet. 

The surface structure and topology of an extruded section is created and modi- 
fied in the transition and slipping regions. Furthermore, the presence of a layer of 
oxidized metal is thought to be importance to both the friction conditions and sur- 
face generation. While such a layer is broken up and removed from the sticking 
region of the bearing surfaces, it remains attached to the bearings and simplifies 
gliding in the region of slipping. In the case of extrusion with the 6XXX-series 
of alloys, it has been found that micro die lines present on the profile surface 
can be related to hard particles existing in the adhesive layer of the slipping region. 
The regions of slip and stick may easily be identified on the bearings of a die after 
extrusion as a relatively thick adhesive or oxidized layer is a witness of the presence 
of the former. Between the areas of slipping and sticking, a transition region of 
a certain length is also found to exist. 

During the press cycle, the forces on the die and the temperature distribution in 
the die, will vary, giving variations in die deflections. This then, dependent on the 
tooling and die design, may cause variations in the choke angle and the bearing 
channel opening during a press cycle. These parameters, the normal stress at the 
outlet, and the deflection of the bearing surfaces of the die, influence the friction 
and the local reduction ratio, and thus the pressure build up in the bearing channel. 
Physical understanding and quantification of these effects, constitute a major scien- 
tific challenge to the study of thin walled, dry friction, hot extrusion of aluminum. 


5.3 The Stability of Flow 

When the material in some parts of a thin section tends to flow faster than the rest of 
the section, compressive stresses is set up in those parts and tensile stresses in others 
(Fig. 50). The variations in normal stresses over the cross section of the extruded 
profile leaving the bearing channel, will influence the position of the slip point. Under 
the influence of compressive stresses the slip point moves towards the outlet, and a 
higher friction and thus also a higher pressure build-up in the bearing channel is 
experienced. Tensile stresses have the opposite effect. The slip point is moved away 
from the outlet, and friction is reduced in the bearing channel, causing a reduced 
pressure build up in the inlet. This conclusion can be drawn directly from the simple 
slab analysis in the previous chapter. The change in pressure distribution, depending 
of the material response to stress variations, will promote a more balanced outlet 
flow. 

If the change in outlet normal stress distribution causes buckling in the com- 
pressive region or thinning and even cracking in the tensile stress region, or if 
the pressure build-up in the inlet to the bearing channel cause redistribution of loads 
on the die that give die defections that acts against the self-stabilization effect or 
gives unacceptable variations in section thickness, then the limits of extrudability 
is reached. 
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From this description it is clear that a detailed thermo-mechanical quantitative 
model of these effects is critical if a successful 3D-computer codes describing the 
extrusion process are to be developed. Detailed physical models of material 
response, of the conditions in the bearing channel, of surface formation and of 
stick-slip mechanisms cover several levels of magnitude, from atomistic to con- 
tinuum level. 


5.4 Alloy Development, Process Innovations and the Limits of 
Extrudability 

Based on the progress of 3D-simulation and experimental validation of flow in 
thin-walled extrusion, combined with the 

• Computation of the tool and die deflection 

• Detailed quantitative description of the response of the alloy with respect to 
microstructural evolution and flow resistance 

• Understanding and modeling of the bearing channel friction and surface 
formation phenomena 

• Prediction of the limits of self-stabilization of flow 

the limits of extrudability can be studied in a systematic and quantitative way. Com- 
bined with the knowledge and creativity of the experienced extrusion metallurgist, 
production and die experts as well as the product designers, this new scientific based 
knowledge of extrusion will give way to alloy systems based on recycled aluminum, 
new innovative principles of die, tooling and press design, section handling and down 
stream processes with quality properties, economic efficiency and ecological effec- 
tiveness that mark the sustainable products of tomorrow. 
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1 INTRODUCTION 

Aluminum welding metallurgy and the processes used to weld and join aluminum 
have advanced significantly over the past 10-20 years. Many aspects of aluminum 
welding that were once considered limiting, oxide removal for example, are now 
much better accommodated. It is generally accepted that extra care must be taken 
in joint preparation and in the quality of consumables (shielding gas and filler metal), 
however, new techniques have been developed and commercialized to help achieve 
this goal. 

Aluminum weld metal is unique with regard to most ferrous alloys in that there 
are no solid-state phase transformations upon cool down. Thus, its microstructure is 
determined by solidification alone. In addition, aluminum is particularly susceptible 
to the formation of solidification defects: porosity and hot cracking. Modeling of 
weld solidification has made it easier to understand the effect of process parameters 
and alloy composition on microstructure, thus allowing for the avoidance of defects. 

Aluminum welds are also unique in that the weld metal and heat-affected zones 
are normally the weakest parts of the joint. The concept of weld over-matching, 
while common to ferrous weldments, is not applicable to aluminum. For this reason, 
weld strength efficiencies for aluminum weldments are normally on the order of 50% 
or lower. Models for precipitate coarsening and dissolution in the heat-affected zone 
now allow for the prediction and optimization of mechanical behavior. Also, devel- 
opment of new filler alloys hold promise for improved joint efficiencies. 

In this chapter, all of the major topics pertinent to aluminum welding are 
addressed. These topics include the weld thermal experience and weld zones, 
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solidification, porosity, hot cracking, heat-affected zone, mechanical properties, 
corrosion, and welding processes. Modern models, theories and concepts are pre- 
sented regarding each of these topics, with reference given to the most recent or 
pertinent research. 


2 WELD ZONES AND THE THERMAL EXPERIENCE 

Most joining processes involve localized heating of the base material (forging, 
extrusion, plate, sheet, or casting) and sometimes involve the addition of a filler 
metal (wire, rod, or pre-placed shim). In order to achieve a metallurgical joint, suf- 
ficient heat must be applied to melt the base metal and the filler metal (in the case 
of welding) or just the filler metal (in the case of brazing). This heat can be supplied 
from a plasma arc, an electron beam, a laser beam, a gas torch, or by frictional 
means. For all of these localized heat sources, the highest temperature reached 
in the base material occurs at a location closest to the heat source. 

In the case of arc welding, a molten weld pool forms beneath the arc. This 
liquid pool becomes superheated 100-200 degrees above the liquidus temperature 
of the alloy, directly under the arc. Heat is distributed throughout the weld pool 
by means of liquid convection, with flow rates on the order of meters per second. 
The primary driving force for convection is the Lorentz Force, resulting from 
the flow of current, causing molten metal to flow inward and downward towards 
the bottom of the weld pool. Buoyancy, arc pressure and surface tension forces 
can also influence fluid flow, but normally to a lesser extent. 


2.1 Weld Zones 

The different zones of a weldment are defined in the schematic of Fig. 1 . The dividing 
boundary between fused and non-fused base metal is called the fusion boundary. The 
fusion boundary is sometimes referred to as a fusion line, particularly when inter- 
preting weld cross-sections in two dimensions. The fusion boundary represents 
the liquidus isotherm for the base metal alloy. All material lying within the fusion 
boundary has been completely fused into the liquid state and, upon solidification, 
is called weld metal. Its composition is a hybrid mixture of filler metal and base 
metal alloys, as controlled by the amount of dilution of each respective alloy. 

Just inside the fusion boundary is the unmixed zone (UMZ), a narrow and 
diffuse region in the weld pool which is not influenced by the rapid connective mixing 
of the weld pool. 

Its composition is the same or nearly the same as that of the base metal, since 
little or no mixing with the filler metal occurs in this zone. In the case of autogenous 
welding, or when the filler metal alloy is the same as the base metal alloy, the UMZ 
will have the same composition as the weld metal. 

Outside of the fusion boundary is the heat affected zone (HAZ), where the base 
metal microstructure has been influenced in some manner by the thermal experience. 
These changes in microstructure can include recovery, recrystallization, grain 
growth, and precipitation reactions (e.g. dissolution, coarsening and re-precipita- 
tion) depending upon the location in the HAZ, the severity of heating (i.e. peak 
temperature and time at temperature), and the alloy in question. 
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Figure 1 Transverse weld cross-section depicting important weld zones: Heat Affected 
Zone (HAZ), UnMixed Zone (UMZ), and Partially Melted Zone (PMZ). 


Just outside the fusion line lies the partially melted zone (PMZ), a region in the 
HAZ where the peak temperature has exceeded the equilibrium solidus or the eutec- 
tic temperature for the corresponding eutectic constituents present. Melting in this 
region involves both equilibrium melting and non-equilibrium melting (i.e. con- 
stitutional liquation) of eutectic constituents occurring along grain boundaries. 


2.2 Thermal Experience 

Analytical equations describing the conductive heat flow in welding, based upon a 
point heat source moving on top of an infinitely large plate, are often useful in under- 
standing weld behavior. For example, the equation defining the steady-state weld 
isotherm (temperature T ) for 3-dimensional heat flow is given as [1]: 

T = T 0 + (Q/2nKr) exp [(v/2a)(c - r)] (1) 

where T 0 = preheat temperature 
g = power input (;/IV) 

K= thermal conductivity 
v — velocity of heat source (dx/dt) 
a — thermal diffusivity (K/ pC p ) 

£ — lineal distance behind heat source (in negative x direction) 

r = radial distance from point source 

t] — arc efficiency 

I = welding current 

V = welding voltage 

x — axis along welding direction 

t = time 

p — density 

C p = specific heat 
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Table 1 Comparison of Thermal Properties [2] 


Metal 

K 

(W/mnfC) 

a 

(mm 2 / sec) 

pCp 

(J/mm 3 °C) 

Steel 

0.04 

8 

0.005 

Titanium 

0.03 

10 

0.003 

Aluminum 

0.23 

85 

0.003 


The fusion boundary can be roughly defined by this equation, setting the tem- 
perature ( T ) equal to the liquidus temperature (note that the weld pool shape is also 
influenced by convective heat flow, not included in this equation). The term (v/ 2a) 
controls the shape of the weld pool: low values result in a spherical shape, whereas 
high values result in a teardrop shape. The characteristic high thermal diffusivity 
of aluminum (see Table 1), results in aluminum weld pools being more spherical 
in shape compared with either steel or titanium when welded at the same travel 
speed. 

Two factors of great importance in understanding microstructural damage 
experienced in the HAZ are peak temperature and cooling rate. Both of these factors 
can be derived from Eq. (1). The equation for peak temperature (T p ) at the plate 
surface, expressed as a function of distance from the weld centerline (v), is given 
as follows [3]: 

T p = T a + (Q/7iKe)(v/2a)/[(v/2a) 2 y 2 + 2] (2) 

Also, the cooling rate (dT/dt) experienced at a particular temperature (T) is 
given as [3]: 

dT/dt = -(2tiKv/0(T - T 0 f (3) 

It should be noted that the cooling rate is inversely proportional to the power 
(Q — rjTV), which is also sometimes expressed in term of welding heat input 
(H=t ylV/v): 


dT/dt = Civ /Q = Cy/H (4) 

Thus, high heat input results in a higher peak temperature at a given distance 
from the weld center. It also results in slower cooling rates at any given temperature. 
When welding at constant heat input, the peak temperature reached decreases in a 
continuous manner with increasing distance (v) from the fusion line. The cooling 
rate also decreases as the temperature drops. This behavior is summarized in Fig. 
2 where temperature profiles, representing different distances from the fusion line, 
are compared. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Aluminum Welding 


485 


weld centerline — . 




distance: y 


£ 


O i 
O 2 
O 3 



Thermocouples 


Temperature 



Figure 2 Weld thermal profiles for three different thermocouples spaced at increasing dis- 
tance from the weld centerline. 


For the case of through-thickness welding (i.e. 2-dimensional heat flow) on a 
plate of thickness (h), the following equations for peak temperature and cooling 
rate should be used [3]: 

T = T 0 + Q(2hy\nKpC p vr)- l/2 exp[(v/2<x)(£ - #■)] (5) 

T P =T 0 + Q/[(2Khy)(v/2y.)(2ne)' /z ] (6) 

dT/dt = —2nKpC p lr (H)~ 2 ( T - T 0 f (7) 

It should be noted that for thinner plates (smaller h ), the peak temperature will 
be higher for a given distance from the weld center and the cooling rate will be 
slower. 

When using analytical equations for 2- and 3-dimensional heat flow pre- 
dictions, the arc efficiency and thermal properties at elevated temperature are 
not readily available. Arc efficiency can vary from 40% to 95%, depending upon 
the welding process and conditions. Thus, some form of calibration is normally 
needed, such as welding on a plate with implanted thermocouples. Care should also 
be taken that these equations only be applied under steady-state conditions. Alumi- 
num alloys will tend to have much larger transient regions, at weld start and stop, 
than do ferrous alloys. 


3 WELD SOLIDIFICATION 

Melting is the key to bridging together (i.e. fusing) two separate pieces of metal. 
However, the solidification which follows is important to the integrity of the joint. 
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determining weld metal microstructure and occurrence of defects. Two key 
solidification parameters that determine solidification microstructure are growth 
rate (R) and temperature gradient (G). Welding process parameters can influence 
these solidification parameters in a variety of different ways. The relationship 
between welding parameters, solidification parameters and weld metal 
microstructure will be discussed in detail in this section. Although the formation 
of solidification defects can sometimes be related to welding parameters, they 
are more often tied to alloy content and impurities as will be discussed in following 
sections. 


3.1 Grain and Sub-Grain Structure 

Weld metal solidification occurs within a bounded region (or “mushy zone”) which 
trails the moving weld pool, as shown in Fig. 3. The upper boundary of this region 
is defined by the weld pool (or liquidus temperature), while the lower boundary 
is defined by the lowest melting eutectic temperature. Within this mushy zone, 
solidification takes place in the form of grains and sub-grains (i.e. cells, columnar 
dendrites or dendrites). Each grain is a single crystal having a unique orientation. 
Each sub-grain within a grain assumes this same crystallographic orientation, with 
the axis of each dendrite aligned in a (100) direction. 

Morphologies for the different types of sub-grains are shown schematically in 
Fig. 4. The particular type of sub-grain that forms depends upon the amount of 
undercooling present. Low undercooling favors cell formation where as high 
undercooling favors dendrite formation. At very high undercooling, nucleation will 
occur ahead of the solid /liquid interface resulting in equiaxed dendrites and grain 
refinement. 



Figure 3 Top view of weld showing two-phase (liquid + solid) mushy zone which trails 
behind the weld pool. 
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Figure 4 Different forms of solidification sub-structure dependent upon the extent of 
undercooling. 


An equation for solidification undercooling (AT), generated as a result of sol- 
ute partitioning and curvature, is given as follows: [4]: 

AT = DG/R + AR l/1 (8) 

where D is liquid diffusivity and A is a material constant. It is noted that high 
undercooling can occur at either very low growth rates (first term) or at very high 
growth rates (second term). The first term can normally be neglected except for very 
low growth rates (<0.3 mm/sec) experienced along the fusion boundary. 

Weld metal grains tend to nucleate off of base metal grains, assuming their 
same size and crystallographic orientation (i.e. epitaxial nucleation). Once 
nucleated, weld metal grains will grow normal to the weld pool interface to minimize 
grain boundary surface area and, hence, grain boundary energy. For this reason, the 
shape of the weld pool determines the shape of the weld metal grains. As shown in 
Fig. 5, a teardrop shaped weld pool will yield straight columnar grains, where 
as a circular shaped pool will yield curved columnar grains. 

Each grain can be taken to consist of a packet of sub-grains (cells or dendrites), 
all oriented in the same direction. From Fig. 6 it is seen that grains will grow at a 
velocity (R g ) related to the weld travel speed (v) and the grain orientation angle (<j>). 

R g = v cos 0 (9) 

Thus, grains along the fusion boundary grow at low velocities approaching 
zero (i.e. 90°) and grains at the weld center grow at velocities approaching 

the weld travel speed (i.e. (/> -» 0°). 


3.2 Preferred Orientation 

Dendrites tend to grow in a particular crystallographic direction, with their long axis 
aligned in a (100) cube direction. If the dendrites within a grain are growing in the 
same direction as the grain itself, the growth rate of the dendrites will be the same 
as that of the grain. This orientation is preferred, because the dendrite growth rate 
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(b) 


Figure 5 Top view of two welds comparing grain structure for (a) circular weld pool; and 
(b) tear-drop weld pool. 



Figure 6 Longitudinal cross-section of weld showing close-up of fusion line and orientation 
angles for grains (< p ) and dendrites (9). 
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and solidification undercooling are minimized. If the dendrites are growing at some 
angle different from that of the grain, they must do so at higher growth rates 
and higher undercoolings (recall Eq. (8)). The relationship between solidification 
growth rate (/?), grain orientation dendrite orientation (0), and weld travel speed 
(v) is given as [5]: 

R — v cos (j >/ cos (tj) — 0) (10) 

Those grains with dendrites having the preferred orientation will tend to over- 
grow, by means of lateral movement, other adjacent grains. This process, referred 
to as competitive grain growth, tends to result in a few large columnar grains 
dominating the weld metal. These columnar grains can nucleate and grow from 
one weld pass to another, sometimes extending the full depth of a multi-pass joint. 
In some instances, when the dendrite misalignment and corresponding undercooling 
is high enough, a nucleation event may occur producing a new grain with a random 
crystal orientation. 

Because of the competitive growth and re-nucleation mechanisms, most grains 
observed in the weld metal have dendrites with a preferred or near-preferred 
orientation. Thus, the solidification growth rate is nearly the same as the grain vel- 
ocity (i.e. RxR s ). This means that solidification growth rate approaches zero at 
the fusion boundary, and it approaches the weld travel speed near the weld center. 
For this reason, it is not uncommon to observe a change in sub-grain morphology 
from cells near the fusion boundary, to dendrites or equiaxed dendrites at the weld 
center. 


3.3 Dendrite Spacing 

The spacing between primary dendrites (i //) for a particular alloy has been shown to 
be proportional to the inverse square root of cooling rate, where cooling rate is 
equivalent to RG [6]: 

T = K { ( dT/dt)“ 1/2 = K\(RG)~ l/1 (11) 

where K\ is a material constant. 

Since cooling rate is inversely proportional to heat input (recall Eqs. (3) and 
(7)), the following relationships are appropriate utilizing Eq. (11) [7,8]: 

W = K 2 H 1 ^ 2 , for 3-dimensional heat flow (12) 

and 'V = K 2 H , for 2-dimensional heat flow (13) 

In welding, where the cooling rate is on the order of 100°C/sec, the dendrite 
spacing is found to be around 10 /an. This value can vary by several microns 
depending upon the heat input and alloy composition. High heat input corresponds 
to slow cooling rates and coarser dendrite spacing. Since weld metal grain size is 
on the order of 100 /an, each grain will contain roughly ten dendrites. These values 
can be compared to castings, which cool around 10°C/sec and have dendrite 
spacings on the order of 100 /an. 
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3.4 Microsegregation 

Most alloying additions to aluminum result in the partitioning of solute atoms into 
the liquid between the dendrites and the eventual formation of a eutectic. As the 
interdendritic liquid becomes enriched in solute and approaches the eutectic com- 
position, a eutectic is formed at the base of the dendrites. The eutectic second phase 
compound is most often discontinuous, growing in an uncoupled manner. However, 
a few alloying elements are peritectic formers and will partition to solid rather than 
the liquid. Table 2 lists the binary and ternary reactions formed with aluminum 
pertinent to the welding of commercial alloys. 

For the binary alloying elements found in the standard commercial filler alloys 
2319, 5356, and 4043 (i.e. Cu, Mg, Si), it is observed that they all form simple 
eutectics. It is also observed that some transition elements (e.g. Fe, Sc and Mn) tend 
to form high melting eutectics, while others (e.g. Zr, Ti and V) tend to form high 
temperature peritectics. The ternary alloy systems, originating from the dilution 
of common base metal alloys, can form different eutectics depending upon the com- 
position of the weld metal and, hence, the filler alloy used. Magnesium has the effect 
of lowering the melting temperature. The Al-Mg binary system and the Al-Mg-Cu, 
Al-Mg-Zn, and Al-Mg-Si ternary systems containing high Mg, all form low melting 
temperature eutectics. 

The tendency for a given alloying element to partition can be ascertained by its 
partition coefficient ( k ). An average value for this coefficient can be found by taking 
the ratio of the slope of the liquidus line to the slope of the solidus line on a binary 
phase diagram. Values close to unity indicate little partitioning, whereas values 


Table 2 Solidification Reactions Important to the Welding of Commercial Wrought 
Aluminum Alloys (Data from Ref. 9) 


Alloy System 

Reaction 

Temp (°C) 

Compound 

Al-Cu 

E 

547 

CuAF 

Al-Mg 

E 

450 

Mg 5 Al 8 

Al-Si 

E 

577 

Si 

Al-Sc 

E 

655 

ScAf, 

Al-Fe 

E 

655 

FeAl 3 

Al-Mn 

E 

657 

MnAl 6 

Al-Zr 

P 

660 

ZrAl 3 

Al-Ti 

P 

665 

TiAlj 

Al-V 

P 

661 

VAlio 

Al-Mg-Cu 

E 

518 

CuMgAb 



507 

CuMgAb + CuAF (high Cu) 



449 

CuMg 4 Al 6 + Mg 5 Al 8 (high Mg) 

Al-Mg-Zn 

E 

489 

Mg 3 Zn 3 Al 2 



475 

Mg 3 Zn 3 Ab + MgZn 2 (high Zn) 



447 

Mg 3 Zn 3 Ab + Mg 5 Al 8 (high Mg) 

Al-Mg-Si 

E 

595 

Mg 2 Si 



555 

Mg 2 Si + Si (high Si) 



449 

Mg 2 Si + Mg 5 Al 8 (high Mg) 


E: Eutectic P: Peritectic 
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Table 3 Comparison of Partition Coefficients (k) and Quantity of Eutectic per 
Eq. (14) (Data from Ref. 9) 


Alloy System 

k 

C E 

(wt%) 

Co 

(wt%) 

( Co / Ce ) 1 ^-*) 

(wt%) 

Al-Cu 

0.17 

33 

1 

1.48 

Al-Mg 

0.43 

35 

1 

0.20 

Al-Si 

0.14 

12 

1 

5.56 

Al-Sc 

0.52 

0.6 

0.1 

2.39 

Al-Fe 

0.022 

1.8 

0.1 

5.21 

Al-Mn 

0.95 

1.9 

0.1 

io- 24 


much less than one indicate extensive partitioning. In addition, the weight fraction of 
eutectic generated (f) can be approximated using the Scheil Equation [10]: 

/ = (C 0 /C E ) 1/(1 - fc) (14) 

where C 0 is the alloy composition and C E is the eutectic composition. Values for 
partition coefficient and weight fraction are compared in Table 3 for binary systems 
important to aluminum welding. 

For most cases, Cu, Mg, and Si elemental compositions will vary from 1 to 
4wt%. For purposes of comparison, a value of 1 wt% was chosen for C 0 in Table 
3. It should be noted that Mg generates very small quantities of eutectic, whereas 
Si generates large quantities of eutectic. In the case of the transition elements, a 
value of 0.1 was chosen for C 0 , because this value is the normal concentration level 
found for these elements in commercial alloys. It is observed that Fe, a common 
impurity element in aluminum, generates large quantities of eutectic. For this 
reason, Fe can have a profound effect on solidification, blocking the flow of 
interdendritic fluid to feed shrinkage [11]. Mn, however, sometimes added for solid 
solution strengthening, generates essentially no eutectic at this solute level. The role 
of Sc, as a grain refiner, will be discussed in another section. 

3.5 Macrosegregation 

Unlike in castings, where gravity fed solutal flow during solidification can lead to 
large differences in composition from top to bottom, the average composition 
throughout a weld bead is normally quite uniform. This uniformity is due to the 
rigorous stirring action in the weld pool and the limited solidification time relative 
to castings. However, there are two notable exceptions to this norm. When using 
a filler alloy that differs significantly from the base metal (e.g. using alloy 4043 filler 
to weld alloy 2219), the unmixed zone ( UMZ) at the periphery of the fusion bound- 
ary will be different in composition to the weld center. Also, the phenomenon of 
banding can result in large, repetitive variations in composition, observed as con- 
tinuous bands that extend across the width of the weld metal as shown in Fig. 7. 

Banding originates as the result of non-continuous advancement of the weld 
pool [12]. Even when the welding torch advances in a smooth and continuous manner 
and the welding current is held constant, the weld pool may oscillate. These 
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Figure 7 Transverse cross-section and top view of weld showing a form of 
macrosegregation known as banding. 


oscillations arise due to small fluctuations in current or voltage that are remnant 
from the modulated 60 Hz AC power source, or from natural harmonics associated 
with the liquid pool itself. When the welding current or voltage are intentionally 
pulsed, this practice likewise serves to oscillate the weld pool. As the pool oscillates, 
the solidification growth rate (R) will decrease and increase accordingly, in some 
cases actually becoming negative (i.e. remelting). 

These periodic variations in velocity serve to disrupt the diffusion profile of 
solute ahead of a growing interface, as suggested in Fig. 8. Rapid increases in growth 
rate will trap this solute, resulting in higher than normal solute levels in the solid. A 
sudden drop in growth rate will, likewise, result in lower than normal solute levels 
in the solid. The extra undercooling associated with either very high or very low 
growth rates (recall Eq. (8)) can also cause grain refinement, a side effect often 
observed with banding. 




Figure 8 Solute concentration profile ahead of moving solid/liquid (S/L) interface for dif- 
ferent conditions of (a) steady-state; (b) rapid increase in growth rate; and (c) rapid decrease 
in growth rate. At the S/L interface, the ratio of solute in the solid to the solute in the liquid 
remains constant. 
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3.6 Grain Refinement 

Achieving fine grains uniformly throughout the weld metal is considered desirable 
from the standpoint of improved ductility, toughness and resistance to hot cracking 
(a solidification defect discussed in the next section). Conditions favorable for grain 
refinement include high undercooling plus the presence of a suitable substrate upon 
which to nucleate new grains. 

Substrates most suitable for nucleation sites should be similar in crystal struc- 
ture and atomic spacing to aluminum. The closer the substrate is to meeting these 
conditions, the less undercooling will be necessary to initiate a nucleation event. 
Thus, grain refinement can occur with either high undercooling and a poor substrate 
or low undercooling and a potent substrate. 

In the case of aluminum, the high temperature peritectic reaction with either Ti 
or Zr is often utilized for grain refinement because it results in the ideal substrate for 
nucleation [13]: 

L + TiAl 3 = A1 (substrate), 665°C (15) 

L + ZrAl 3 = A1 (substrate), 660°C (16) 

Particles of TiAl 3 or ZrAl 3 are often intentionally added to welding filler alloys 
for purposes of grain refinement ( roughly 0.15 wt% Ti or Zr ). When the filler alloy is 
fused into the weld pool, these particles become liberated and make their way to the 
solidification front. Here the peritectic reaction coats these particles with a layer 
of solid aluminum providing an ideal substrate. If the particles completely melt 
on their journey through the superheated weld pool, they cannot participate in grain 
refinement (a phenomenon referred to as fading). The gas-metal arc welding process 

(GMAW) is particularly troublesome in this regard, where molten drops from the 

filler wire must first pass directly through the welding arc, increasing the chances 
for particle dissolution. 

Boron, when added together with Ti, improves the nucleating efficiency 
although the exact role that boron plays is not entirely understood. Boron is often 
present in filler alloys, but it is added at such low levels ( < 0.03 wt% B) that it need 
not be listed in composition tables. One theory [14] proposes that boron forms a 
protective boride (TiB 2 ) coating on the TiAl 3 particles, helping to slow down dis- 
solution. This coating would have the effect of increasing the chances that a TiAl 3 
particle may reach the solidification interface intact. 

In recent developments [15], Scandium has also been found to produce grain 
refinement, but only when added at high levels ( > 0.50 wt% Sc, i.e. hypereutectic). 
The ScA 1 3 pro-eutectic compound apparently serves as a potent nucleating substrate, 
because of a closely matched lattice spacing to aluminum. Smaller amounts of Sc can 
also result in grain refinement if Zr is present (e.g. 0.20 wt% Sc + 0.15 wt% Zr). It is 
believed that Zr can replace Sc in the (Sc, Zr)Al 3 compound, requiring less Sc to be 
used to get primary crystals for grain refinement [16]. 

Two regions in the weld metal where you are most likely to find grain 
refinement is along the weld center and at the weld fusion boundary. At the weld 
center, the grains become aligned in the direction of torch travel (i.e. grain 
orientation angle (/) = 0°) yielding the highest growth rates (recall Eq. (10)). These 
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high growth rates result in high undercooling and a higher likelihood for grain 
nucleation (recall second term in Eq. (8)). A region of equiaxed grains at the weld 
center is commonly observed in aluminum weldments [17]. 

Along the fusion boundary, where the growth rate approaches zero (0 = 90°), 
there is also high undercooling as demonstrated in Ref. 18 (recall first term in Eq.(8)). 
The existence of equiaxed grains at the fusion boundary, although less common, has 
been observed for some base metal alloys containing Zr (e.g. alloys 2195 and 7108). 
The occurrence of these fine grains has, in some cases, been associated with poor 
mechanical properties [19]. 

For these alloys, Zr has been added to the base metal as a dispersoid former to 
prevent recrystallization during high temperature forming operations and heat 
treatment. It has been shown that ZrAl 3 dispersoids are picked up from the base 
metal during melting and become free in the unmixed zone (UMZ) to nucleate 
new grains according to the peritectic reaction in Eq. (16) [20]. Those particles swept 
into the turbulent weld pool will more likely become dissolved. Hence, nucleation 
events are concentrated along the fusion boundary. 


4 POROSITY 

At the high temperatures experienced by the arc welding processes the weld pool can 
approach the boiling temperature of aluminum at the pool surface. Aluminum 
experiences two orders of magnitude change in hydrogen solubility on cooling from 
the initial high temperature to the on set of solidification [21-23]. The sensitivity 
of aluminum to hydrogen is not so much associated with the difference of gas 
solubility in the liquid and solid at the melting temperature, but rather with the 
particular conditions of the temperature existing in an arc melted weld pool [24]. 
The hydrogen is dissolved in the aluminum in accordance with the high temperature 
equilibrium, and rapid stirring of the pool by electromagnetic forces causes the whole 
pool to attain a high gas content corresponding to the high temperature at the 
surface. 

Aluminum weld pools can hold hydrogen contents up to seventy times the 
melting point solubility [25,26]. This effect is very pronounced for aluminum, where 
the temperature of the region under the arc is greatly superheated and where the 
weld pool can become supersaturated to such an extent that gas pores will form 
without the aid of solidification. During the rapid cooling of a typical aluminum 
weld there is insufficient time for the hydrogen to transport to the liquid surface 
and escape from the weld pool [27]. The result is the formation of pores in the weld 
deposit [28-34]. 


4.1 Thermodynamic Requirement 

The requirement to form a pore is that the sum of the partial pressure of soluble 
gases, P g , must exceed the sum of the following pressure terms [29,35-37]: 

P g >P a +P h + P b (17 ) 
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where P d is the pressure of the ambient atmosphere, Ph is the hydrostatic pressure, 
and Pb is the capillary contribution to the pressure due to the curvature of the pore. 
The magnitude of these terms must be considered. Typically P d will be one atm, 
Ph is neglected and Ph is given by the following equation: 

Pb = 2y/r (18) 

where y is the surface tension between the molten metal and the gas in the pore, and r 
is the radius of pore curvature. There are situations, such as with the use of pressure 
inert gas metal arc, PIGMA, welding where the P a term becomes significant. 


4.2 Homogeneous Nucleation 

The desire for a pore to form is insufficient to achieve porosity, for pore formation 
must also encounter and overcome the kinetic activation energy barrier, such as 
nucleation [38-40]. There is a critical pore radius r c for which, when it is exceeded, 
the pore will homogeneously nucleate and grow spontaneously to unlimited 
dimensions. An expression for this critical radius has been developed for the for- 
mation of a single-gas-phase pore, and is given by: 


^ 2yV(j> 
rc ~kT ln(P g /P 0 ) 


(19) 


where Vis the atomic volume of the gas phase, P g /P 0 is the degree of supersaturation 
of the metastable gas phase, 4> is the correction factor for a heterogeneous medium, 
P 0 is the equilibrium pressure for the single gas phase, k is the Boltzmann constant, 
and T is the temperature (in degrees Kelvin). Consequently, the formation of a 
gas nucleus is only possible at a definite supersaturation (P g /P 0 > 1). 

A Boltzmann probability distribution expression is used to define the rate of 
nucleation, I. The exponential describes probability of overcoming the nucleation 
activation energy barrier from a solution absent of non-wettable interfaces: 

I = A exp ^ 71 JTfj ( 2 °) 


where A is a constant approaching Avogadro’s number. 

Substituting Eq. (19) for r c into Eq (20), the following rate expression results 
for nucleation of a single-gas-phase pore: 


I = A expl — 


167ry 3 F 2 \ 

3 kTf ) 


( 21 ) 


where x — kT In(P g / P 0 ). 

Assuming the liquid metal has a surface tension of 1500 dynes/cm, and a tem- 
perature of 2000 K, the probability of homogeneous nucleation of gas bubbles 
in liquid metal of a typical weld pool volume is very small, if not negligible. A more 
likely situation is that of heterogeneous nucleation where solid /liquid interfaces 
become lower energy barrier sites for nucleation. Heterogeneous nucleation can 
be achieved by less gas volume than experienced by homogeneous nucleation. 
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4.3 Heterogeneous Nucleation 

Equation (17) can be modified to achieve a better fit for the heterogeneous nucleation 
of gas pores. The following modification has been proposed [37-39]: 

P g = P a + hp + [ly( 1 + cost?) (22) 


where h is the height of the liquid metal column, p is the density of the liquid metal, 8 
is the contact angle between the gas and the substrate, and is a coefficient which 
empirically relates liquid-metal adhesion to the substrate. This adhesion is con- 
sidered to hinder heterogeneous nucleation of a gas phase on the substrate. The 
second term, hp , was referred to in Eq. (17) as P h . Equation (22) also accounts 
for the influence of the radius of curvature of the pores through the last term. 

The critical radius for heterogeneous nucleation, r c , is given as follows: 


c(het) = r c f(8) 

where 


m = 


(2 + 2 cosd + siir 8 cos 8 


1/3 


(23) 


(24) 


For the complete wetting case where 0 = 0 and f(8)— 1, the equation assumes the 
form given by Eq. (19) (see Fig. 9(a)). 

Pores of gas are commonly formed on the surfaces of solid non-metallic 
inclusions which are present in the weld pool. In this case the nucleus will have 
a lens shape because of poor wetting of the solid non-metallics by the liquid metal 
(see Fig. 9(b)). With complete non-wetting (8— 180°), f(8) is zero. In this case 
the probability of formation of stable gas-phase nuclei as 8 approaches 180° is high. 
Note that with heterogeneous nucleation a large critical radius of curvature can 
result with a minimal volume of gas. Therefore, the surfaces of dendrites and pre- 
cipitated crystals, which are well wetted by the liquid metal and which can poten- 
tially form contact angles close to zero, create high capillary resistance, which 
inhibits the formation of gas nuclei. 



(a) (b) 

Figure 9 Different wetting conditions for the nucleation of gas pores, where (a) the liquid 
wets the substrate; and (b) the gas wets the substrate. Condition (b) favors heterogeneous 
nucleation, achieving a critical radius (r c ) with less gas volume. 
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4.4 Sources of Porosity 

The effect of supersaturation of hydrogen has been found to be the major cause of 
porosity. The entrapment of various gases, the cooling rate of the weld pool and 
erratic wire feed have all been identified as additional sources. There are many ways 
in which gas can enter the weld pool, including entrapped shielding gas, air, the 
product of violent arc action or dissolved hydrogen. 

One source of weld contamination by hydrogen can be traced to the existence 
of hydrogen-forming compounds, including oil, drawing compounds and shop 
grease [41]. The pores in an aluminum weld are often the result of pyrolysis of 
organic contaminations. Graphite has been applied on the faying edges of specimens 
to promote the reaction of carbon with the oxide film, and pores did not form. These 
results suggest that carbon in organic compound is not responsible for pore 
formation, but hydrogen or water are a source of porosity. A pre-welding vacuum 
heat-treatment of aluminum parts prior to welding to reduce hydrogen sources, 
and thus porosity, has been suggested. 

Nearly all porosity in aluminum alloys is due to hydrogen formed by the 
reaction of water vapor with the molten aluminum. The effect of moisture on 
the formation of aluminum weld metal pores has been studied and showed that 
the addition of dry hydrogen to the argon cover gas does not increase the pore con- 
centration. However, the addition of water vapor to the argon caused rapid pore 
formation in the weld metal. The moisture content of the air around the arc was 
reported to be less important than that of the cover gas. Porosity has been related 
to the shielding gas dew point. A dew point threshold for porosity of approximately 
-40°C has been reported. Dew points above -40°C promote porosity. 


4.5 Hydrogen Partitioning 

Besides the solubility issue, the equilibrium partition ratio, which describes the 
hydrogen content at the traveling solid /liquid interface, is instrumental in maintain- 
ing sufficient high-localized hydrogen contents in welds that have been made to mini- 
mize hydrogen pickup [39,42]. With an equilibrium partition ratio of 0.05 hydrogen 
will be rejected at the solid /liquid interface, which can achieve extremely high 
hydrogen concentration in the interdendritic region during solidification. 

The content of the dissolved gas lies in the range between its solubility in the 
solid and liquid metal, i.e. S s <C 0 < <Sj. The process of pore formation depends 
to a large extent on the redistribution of dissolved gas in the liquid metal ahead 
of the solidification front. 

The gas concentration ahead of the solidification front, C(x), is given by: 


C(x) = 



1 -k! 
— £XP 



(25) 


where x is the distance into the liquid from the solidification front, k' is the equi- 
librium partition ratio equal to SJ S\, R is the rate of solidification and D is the 
diffusion coefficient of the gaseous element in the liquid. The maximum gas content 
is observed at the solidification front and it is equal to C 0 /k'. 
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4.6 Growth Kinetics 

The size, morphology, and distribution of pores are primarily affected by the 
solidification rate. To achieve large spherical pores requires relatively slow travel 
speeds and/or high heat input resulting in a slow solidification rate. The slow 
solidification rate results in wide spacing between cellular-dendritic arms of the 
growing solid phase, which allows for heterogeneous pore nucleation at the 
solid/liquid interface and for detachment from this interface. 

The size of spherical pores is directly influenced by mechanical entrapment of 
pores to achieve even larger pores. The pore sizes are also dependent on the level 
of hydrogen supersaturation and the time to solidify. The larger pores have a greater 
bouyancy and tend to escape from the weld pool, especially at slower solidification 
rates where the interdendritic spaces are wide [28]. The influence of welding process 
parameters is directly related to the issue of time to solidify and to the electrode 
to work spacing which influences the atmospheric hydrogen pick up. The influence 
of welding variables on porosity has been reported for gas metal arc aluminum welds 
[43]. 

The growth kinetics of pores in liquid metal is related to the following factors: 
(i) inertia of liquid metal; (ii) surface tension and isobaric gas pressure; (iii) gas con- 
tent of the metal; and (iv) pressure of the welding arc. 

The rate of travel of the walls of the expanding gas cavity, dr/ dt, from pore 
radius r Q to r\ is approximated by the following equation: 

dr _ 2 (P g - P a - P aic - P h - Pb)(r\ - r 0 ) - 2 y 

dt~ 3 t] ’ 

where P arc is the pressure from the arc on the weld pool, >/ is the coefficient of 
viscosity, r Q is the initial radius, and r x is the final radius of the pore. The radius 
or size of the pore will depend on the time during which the metal is in the molten 
state. This behavior is controlled by the heat input as established by the welding 
conditions [42-44]. This model does not consider the influence of a number of 
factors, especially the diffusion in liquid metal. 

The smaller pores, spherical and angular pores, are primarily formed in the 
tightly spaced cellular-dendritic structures. At very fast welding rates small 
intercellular pores cannot form since the rate of formation is less than rate of 
the advancing cells. At intermediate welding rates where pore formation occurs with 
little growth, the interdendritic pores may not be able to detach from the solid /liquid 
interface but still extend with mechanical entrapment in the direction of 
solidification resulting in a wormhole porosity. Wormhole pores are normally 
not observed in aluminum welds. 

Porosity is often distributed in the banding zones in aluminum welds [28]. The 
banding zones are the result of a change in the solute concentration, in this case 
its hydrogen, due to a change in solidification rate which is inherent to the 
fluctuations common to the welding process. Such banding zones are present in 
nearly all weld deposited by gas tungsten arc and gas metal arc aluminum welds. 

The pore concentration, pore distribution in the weld and its size distribution 
are directly related to two competing processes. When solidification times are long, 
the hydrogen pores can escape the weld pool resulting in a low pore concentration, 
but when the solidification time is reduced, the pore concentration will first increase 
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Figure 10 Schematic diagram demonstrating how amount of weld metal porosity can vary 
with welding travel speed resulting in peak susceptibility. 


due to entrapment and then decrease due to insufficient time to nucleate and grow a 
pore. This behavior is demonstrated in Fig. 10, where the quantity of porosity is 
shown to be a function of weld travel speed. 

In order to minimize porosity, the welding process parameters can be altered 
after knowing which side of this maximum the process lies. If to the left of this 
maximum, one must change the welding parameters to even slower solidification 
rates. If to right of the maximum, one must change the welding parameters to further 
increase the solidification rate. Increasing the travel speed allows for this modifi- 
cation without much interference with the electric energy generation of the welding 
arc. 

4.7 Effect on Mechanical Properties 

The influence of porosity on aluminum weld metal mechanical properties has been 
reported by a number of investigators [30,31,45,46], There is a combination of pore 
size and distribution of porosity which is critical to the degrading of the tensile 
strength and ductility. The tensile elongation of aluminum alloy welds was found 
to drop immediately as the porosity level is increased. Weld tensile ductility was 
reported to be reduced by as much as 50% from its highest level with porosity 
of about 4 vol%. The tensile strength was found to be very tolerant to some porosity. 
The yield strength was only slightly reduced by porosity levels up to about 4 vol%. 
The loss in aluminum weld metal transverse tensile strength and fatigue life was 
found proportional to the loss of sound metal area in the plane of the expected 
fracture. Recently the correlation between interdendritic pore formation and the 
susceptibility to hot cracking has been reported [47-49]. 


5 HOT CRACKING 

Hot cracking is a term used by welding engineers to identify a crack defect that forms 
during weld metal solidification. It is similar in nature to the cracking found in 
castings known as hot tearing. Mechanistically, it involves the tearing apart of liquid 
films due to stresses and strains arising from solidification shrinkage and thermal 
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contraction. These liquid films and corresponding hot cracks occur primarily along 
grain boundaries, but they can also be found interdendritically. In either event, 
the surface of hot cracks are characteristically smooth and undulating, without 
any of faceting or dimpling characteristic of wrought alloy fractures. Hot cracks 
are normally located along the weld centerline, either at the weld crown or root. 


5.1 Mechanism 

Liquid films associated with hot cracking are typically related to the formation of 
low melting eutectics. When there is a large difference between the liquidus of 
an alloy and its lowest melting eutectic, the corresponding large solidification range 
can subject the liquid film to more shrinkage. Plus, it becomes more difficult to feed 
shrinkage over large distances. As solidification is completed at the base of the 
dendrites and shrinkage is culminated, the ability to feed this shrinkage with 
interdendritic liquid becomes critical. 

One model [50] proposes that hot cracking may occur whenever the rate of 
grain separation (i.e. shrinkage) exceeds the rate of liquid back filling (i.e. feeding). 
When this happens, the pressure in the interdendritic liquid drops and may even 
become negative (i.e. unstable) for a short moment of time. With a negative pressure 
in the liquid, tearing may initiate either on oxide inclusions (i.e. decohesion, [51]) or 
as a result of cavitation [47]. 

It should be noted that the interdendritic pressure drop is also conducive to 
pore nucleation (recall Eq. (17)). Which of these defects happens to form first, 
hot crack or pore, will be determined by kinetics (i.e. the rate of pressure drop). 
Once nucleated, a hot crack will often grow in a continuous manner, trailing behind 
the weld pool. 


5.2 Mechanical Aspect 

There is also a mechanical aspect to the hot cracking problem. The tensile and com- 
pressive cells which form around a moving weld pool interact with their surround- 
ings to produce both inward and outward movement of material behind the 
traveling weld pool [52]. These strain cells are influenced by the degree of restraint 
(i.e. fixturing, component size and shape, etc.), weld heat input, and welding speed. 
If this strain becomes positive in the region undergoing solidification, it will combine 
with the solidification shrinkage strain to promote hot cracking. If this strain 
becomes negative within this region, then hot cracking can be avoided. 


5.3 Effect of Grain Morphology 

Because hot cracks nucleate and grow along grain boundaries, it follows that grain 
size and shape can have a strong influence on cracking susceptibility. Small grain 
size is normally considered beneficial for avoiding crack initiation. The weld induced 
strain will be distributed more evenly over a greater number of grain boundary films, 
thus resulting in a smaller strain per film. In terms of crack propagation, however, 
small grains may sometimes provide for easier crack growth once initiated, particu- 
larly when compared against large grains with high curvature. 
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It is preferable to have grains with a high degree of curvature, such as those 
grains obtained with a spherical shaped weld pool (Fig. 5(a)). In this condition, 
any crack that nucleates at the weld center, will automatically grow out of the field 
of maximum strain. In situations where the welding speed is high and a tear-drop 
shaped weld pool is formed, a continuous grain boundary tends to form along 
the weld centerline, aligned for easy crack propagation (Fig. 5(b)). 


5.4 Peak Susceptibility 

When the hot cracking susceptibility of an aluminum alloy is compared in terms of 
solute content, a peak in susceptibility is commonly observed. For example, this 
peak susceptibility behavior is shown in Fig. 11 for several binary alloys. Here, 
the hot cracking susceptibility is expressed in terms of the total (accumulated) crack 
length generated in a Varestraint weldability test [53]. 

At low solute levels, it can be argued that the crack susceptibility is low because 
a dendritic network has not yet been fully developed. Also, the amount of eutectic 
liquid generated will be low, which means that there will be thin liquid films having 
greater resistance to tearing. At high solute levels, however, there becomes large 
amounts of interdendritic liquid available for feeding of shrinkage. Solute levels, 
intermediate to these two extremes, result in the peak in susceptibility. 



Figure 11 Experimental results from Varestraint Test showing four different aluminum 
binary alloys exhibiting peak hot cracking susceptibility behavior. (From Ref. 53.) 
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From Fig. 1 1 it should be noted that Si generates the least amount of cracking. 
This result is believed to be due to the large quantity of eutectic available for back 
filling (recall Table 3). For this reason, Al-Si filler alloys (e.g. 4043, 4047) are often 
used for joining crack sensitive alloys. Mg, even though it has a large solidification 
range (Table 2), generates very small amounts of eutectic which provides resistance 
to hot cracking. Al-Mg filler alloys are common (e.g. 5183, 5356) and Al-Mg base 
metal alloys (e.g. 5083) are considered to be readily weldable at high Mg content 
(> 4 wt%). 

When considering the behavior of commercial alloys consisting of 
multi-component alloy systems, there appears to be a strong influence on hot 
cracking susceptibility by the Al-Cu-Mg eutectic. This behavior is suggested in Fig. 
12 which shows castability (hot tearing) data for Al-Mg-Cu ternary alloys [54], 
superimposed with modern commercial alloys [55]. This figure shows peak sus- 
ceptibility behavior in three dimensions, with contour lines representing the total 
crack length generated in a cast ring test. 

Binary alloys such as 5083 (high Mg) or 2219 (high Cu) are considered to have 
good weldability and are located at the base of the peak. Aerospace alloys such as 
7075 and 2024, located closer to the peak, are considered unweldable. The 
weldability of any of the alloys shown can be improved by dilution with either a 
high Mg or a high Cu filler alloy, shifting the weld metal composition away from 
the peak. Similar cracking diagrams exist for Al-Mg-Si and Al-Mg-Zn alloys 
and can be used to predict weldability and dilution effects in a similar manner [56]. 



Figure 12 Modem commercial alloys are superimposed upon Ring Casting Data [54] 
demonstrating effect of weld dilution and composition on hot cracking susceptibility [55], 
Lines represent iso-crack length and culminate in a peak susceptibility in 3-dimensional space. 
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(c) (d) 

Figure 13 Comparison of hot crack weldability tests for plate and extrusions: (a) Inverted 
T-Test; (b) Circular Patch Test; (c) Varestraint Test; and (d) Trans-Varestraint Test. 


5.5 Weldability Testing 

Numerous weldability tests have been developed to evaluate hot cracking sus- 
ceptibility. Included among the more common tests for plate and extrusions are 
the Inverted T-Test, Patch Test, Varestraint Test, and Trans-Varestraint Test. Also, 
for sheet material, there is the Houldcroft Test and the Sigmajig Test. In each of these 
tests, there are conditions of either high restraint (intrinsic type test) or imposed 
strain (extrinsic type test ) which help to promote the formation of hot cracks. Alloys 
are rated in terms of the extend of cracking, often expressed as the total length of 
cracks generated. Such tests are useful in making relative comparisons, but cannot 
be used to predict cracking under normal welding conditions. Weldability tests 
are described below and are compared in Fig. 13 and 14 for plate metal and sheet 
metal, respectively. 

5.5.1 Inverted T-Test [57] 

This test involves making small fillet welds on both sides of a T-joint, with one of the 
members being large in cross section. After having welded one side and nearly 
completing the next, the degree of restrain increases to the point where cracking 
begins as the weld is completed. The total length of crack is taken as a measure 
of crack sensitivity. 

5.5.2 Circular Patch Test [58] 

This is a popular weldability test due to its simplicity and easy of execution. It 
involves making a weld on a flat plate in the form of a circle. As the weld nears 
the end of the circular loop, it begins to experience the shrinkage strains associated 
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Figure 14 Comparison of hot crack weldability tests for thin sheet: (a) Houldcroft Test; and 
(b) Sigmajig Test. 


with the initial portion of the weld loop. Thus, at some point around the loop, 
cracking will initiate at the centerline and trail the weld pool till weld completion. 
The total length of crack is taken as a measure of crack sensitivity. 

5.5.3 Varestraint Test [59] 

In this test, a strain of known magnitude is applied to a weld coupon during the 
welding process. This is accomplished by bending the coupon over a mandrel, with 
a known radius of curvature, at a very high strain rate. Bending is initiated as soon 
as the weld torch passes the point of tangency where the coupon meets the mandrel. 
The arc is not extinguished and the torch does not stop until well beyond this point. 
The strain can be varied by varying the radius of curvature and assumes values that 
are normally between 0.25% and 2%. Note that the strain is applied along the direc- 
tion of welding. A pattern of cracks is formed at the location where the strain is 
applied, with numerous cracks radiating outward from the weld pool. The total 
length of cracks, for a particular applied strain, is taken as a measure of crack 
sensitivity. 

5.5.4 Trans-Varestraint Test [60] 

Similar to the Varestraint Test, this test involves the rapid application of a known 
strain to a weld coupon during welding. Again, the strain is fixed by the radius 
of the mandrel. However, in this case the strain is applied normal to the welding 
direction, which more closely mimics real life conditions. Normally only a few (1-3) 
centerline cracks are formed, the total length of which is taken as measure of crack 
sensitivity. 

5.5.5 Houldcroft Test [61] 

A weld is initiated at the very edge of a sheet having pre-cut, through-thickness slots. 
These slots are arranged normal to the welding direction, are evenly spaced, and 
become progressively longer in length with distance from the weld start. A crack 
is initiated immediately at the weld start and grows behind the weld pool until 
the degree of restraint becomes significantly diminished (from the longer slots). 
The over-all length of crack is taken to be a measure of crack sensitivity. 
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5.5.6 Sigmajig Test [62] 

In this test, a coupon consisting of a sheet of material is clamped at its outer edges 
and uniformly stressed normal to the welding direction prior to and during welding. 
A weld is made down the center of the coupon. This test is repeated at different stress 
levels until cracking is initiated. The critical stress to initiate cracking is taken as a 
measure of crack sensitivity. 

5.6 Comparison of Commercial Alloys 

Weldability test results for several different commercial alloys, using three different 
testing methods, are compared in this section. Results from the inverted tee-test, 
used by Dudas and Codings [55, 63], are summarized in Fig. 15. Here it is observed 
that certain alloys considered to be unweldable when welded autogenously (i.e. 
alloys 6061, 7005, and 2014) all generate high crack length values. The total crack 
length can be significantly reduced, however, by using an appropriate filler alloy 
(e.g. 4043 or 5356) thereby making these alloys weldable. Weldable alloys 5083 
and 2219 generate much lower crack levels (compared to autogenous 6061, 7005, 
or 2014 welds), crack length values that can be reduced even further by using an 
appropriate filler alloy. 

Results from a Trans-Varestraint weldability test study [64] are shown in Fig. 
16. In this study, filler alloys were used for all tests. Similar to Fig. 15, alloy 2219 
is found to be the most weldable. Alloy 2519, which is similar to 2219 but with 0.5 Mg 



6061 7075 2024 7005 2014 5083 2219 

Base Metal Alloys 

Figure 15 Experimental results from Inverted T-Test comparing hot cracking susceptibility 
for various alloys. (From Refs. 55,63.) 
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Figure 16 Experimental results from Trans-Varestraint Test comparing hot cracking sus- 
ceptibility for various alloys. (From Ref. 64.) 



Alloy 


Figure 17 Experimental results from Circular Patch Test comparing hot cracking sus- 
ceptibility for various alloys. (From Ref. 16.) 


added, is less weldable than 2219. Alloys 6061, 2014, and 7005 have about the same 
weldability, but are less weldable than 2219, 2519, and 5086. The least weldable 
alloys are the Al-Cu-Li-Mg alloys 2094 and 2090. 

Results from a Circular Patch Test [16] are shown in Fig. 17, where all of the 
tests performed involved autogenous welding. Alloys 6060, 7030, and 6061 are gen- 
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erally considered unweldable (without a filler). Alloys 7108 and 6082, however, can 
be readily welded, particularly when using a filler. This trend is reflected in the total 
crack length ranking of these alloys. 


6 HEAT AFFECTED ZONE 

The Heat Affected Zone (HAZ) consists of base material lying outside the fusion 
boundary that has been modified by the weld thermal experience. Modifications 
to the base metal microstructure in the HAZ can include recovery, recrystallization 
and grain growth, partial melting, and precipitation reactions. The occurrence of 
any one of these modifications normally results in a drop in strength and a decrease 
in joint efficiency. Damage to the HAZ is often monitored using a hardness traverse 
across the welded joint. 

6.1 Recovery, Recrystallization and Grain Growth 

Material that lies ahead of the moving weld pool will experience heat from the 
welding torch even before melting begins. For material that lies outside the fusion 
zone, wrought grains are exposed to elevated (sub-liquidus) temperatures for periods 
of several seconds. Providing there is sufficient cold work in the base metal, this 
thermal cycle will result in recovery, recrystallization and grain growth. This 
normally results in large, equiaxed grains along the fusion boundary from which 
weld metal grains will eventually nucleate (i.e. epitaxial nucleation). 

In alloys that depend upon cold work for strength (e.g. 5083-H38), the 
recrystallization process accounts for a majority of strength loss in the weldment. 
For precipitation hardened alloys, however, this may contribute only slightly to 
the over-all strength loss. Alloys containing grain pinning dispersoids will be less 
susceptible to this problem. For example, alloys containing zirconium dispersoids 
(e.g. 7108 and 6082) will have less recrystallization and grain growth than zirconium 
free alloys (e.g. 7030 and 6060). 

6.2 Partial Melting 

There is a region adjacent to the fusion boundary in the HAZ where the peak tem- 
perature resides between the liquidus and solidus of the base metal. It is here where 
equilibrium super-solidus melting can occur. The thickness of this region is normally 
less than one grain diameter. However, when there are eutectic constituent particles 
present at grain boundaries, it is also possible to get sub-solidus melting. This occurs 
as a result of constitutional liquation and can extend the melting range down to the 
eutectic temperature of the constituent particles. 

The mechanism of constitutional liquation involves the dissolution of constitu- 
ent particles and the formation of a concentration gradient into the precipitate free 
zone [65]. If, within this established concentration gradient, the eutectic composition 
is reached and the eutectic temperature is exceeded, then melting will occur. The 
liquid thus formed will tend to wet the grain boundary. This same problem, when 
encountered in the high temperature processing of alloys, is often referred to as “hot 
shortness.” Recent modeling work [66] has shown that liquation can be avoided if the 
heating rate is sufficiently slow, such that the constituent particle becomes com- 
pletely dissolved prior to reaching the eutectic temperature. 
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Liquation, by itself, is not overly detrimental to mechanical properties. 
However, if sufficient tensile strain is present in this region at the same time the 
grains are liquated, then the liquid films may rupture and form liquation cracks. 
There appears to be an association here with the choice of filler alloy selected 
and the ability to load the grains [67,68]. If the solidus temperature of the weld metal 
is close to the base metal (e.g. 5356 filler and 6061 base metal), then there is a high 
likelyhood for cracking. If the solidus temperature of the weld metal is much lower 
than the base metal (e.g. 4043 filler and 6061 base metal), cracking can be avoided. 

Liquation cracks (also called micro-fissures or grain boundary openings-GBO) 
can potentially impair the fatigue life and fracture toughness of a joint. This defect is 
a common problem when welding 6xxx and 7xxx alloys, particularly those alloys 
with large recrystallized grains (e.g. 7030 and 6060). Since liquation cracks are gen- 
erally too small to be resolved with radiography, they often go undetected unless 
observed in weld cross-sections using optical metallography. 


6.3 Precipitation Reactions 

When welding heat treatable alloys, the HAZ can suffer significant loss of strength 
derived from precipitation hardening. This strength loss is due to precipitation 
reactions involving dissolution or coarsening. Considerable insight has been gained 
from recent modeling work [69-72], coupling heat flow with dissolution and 
liquation mechanisms. When considering precipitation reactions, it is useful to div- 
ide the HAZ into two regions, near and far, as discussed below. 

In the near HAZ, where the peak temperature exceeds the solvus temperature, 
there is complete dissolution of hardening precipitates. In 6xxx and 7xxx alloy 
systems, where the hardening precipitates are fl" (Mg 2 Si) and if (MgZn 2 ) 
respectively, the dissolved solute in the near HAZ remains in solution upon weld 
cool down. This dissolution results in very low as-welded strength. Post weld natural 
aging, however, allows for fine precipitate formation and the partial recovery of 
strength. This aging response is particularly strong for 7xxx alloys which can regain 
half of their strength loss after aging thirty days at room temperature. In the case 
of 2xxx alloys, where O' (CuAL) is a hardening precipitate, there is a re-precipitation 
of O' upon weld cool down, with a preference for nucleation at grain boundaries and 
the formation of precipitate free zones [69]. 

In the far HAZ, where the peak temperature does not exceed the solvus 
temperature, there can exist conditions of either partial dissolution of precipitates 
or precipitate coarsening. The extent of dissolution or coarsening will vary as a func- 
tion of peak temperature and, hence, distance from the fusion boundary. Myhr et al. 
[70] have successfully modeled the alloy 6082 HAZ using a dissolution model 
predicting the hardness profile as shown in Fig. 18. Because so much solute goes 
into solution, the near HAZ can respond to post weld aging as suggested in this 
figure. The far HAZ, however, remains unresponsive to aging. Martukanitz [71,72], 
on the other hand, has modeled the alloy 2219 HAZ based upon a precipitate 
coarsening model, assuming that large precipitates grow at the expense of the dis- 
solution of small precipitates. In this case, no part of the HAZ responds to post-weld 
aging, because there is no excess solute in solution. 
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Figure 18 Schematic diagrams depicting HAZ hardness profiles for Alloy 6082-T6 (a) 
immediately following welding; and (b) after room temperature aging. (From Ref. 70.) 


7 MECHANICAL PROPERTIES OF WELDED JOINTS 

Aluminum weldments have the unique distinction of possessing very low joint 
efficiencies, yielding at stresses that are 35-65% of the base metal strength. This 
severely restricts the designer’s ability to make full use of the attractive 
strength-to-weight properties of many modern aluminum alloys. Aerospace users 
have traditionally worked around this problem by making welded panels thicker 
at the weld joint, but not without major cost penalties to panel fabrication. Often 
large volumes of plate material must be removed by machining or chemical milling 
in regions away from the joint to maintain weight savings. 

7.1 Condition of Testing 

When a weldment is loaded in tension, transverse to the weld, there exists a state of 
iso-stress in each of the weld zones (assuming a uniform cross-section). Under these 
conditions, yielding will occur in the zone with the lowest yield strength. Likewise, 
failure will occur in the zone with the lowest tensile strength, analogous to a chain 
failing at its weakest link. However, when a weld is evaluated in a bend test, there 
exists a state of iso-strain in each of the weld zones. In this case, failure will occur 
in the zone having the lowest ductility. For aluminum, the zone of lowest ductility 
is usually the weld metal due to its coarse solidification structure. 

In many cases of tensile or bend testing of weldments, failure actually initiates 
in a zone due to the presence of a defect, irrespective of its strength or ductility. 
For this reason, it becomes important to know the quality of the weld when trying 
to analyze weld properties. If reinforcement and undercuts are machined away 
and radiography is used to screen tensile bars free from defects, the relative strength 
of the respective zones can be determined without bias. In some instances, it is useful 
to machine test specimens entirely from the weld metal or HAZ in order to isolate 
mechanical properties. HAZ microstructures can be simulated in test coupons using 
programable electrical resistance heating devices (e.g. a gleeble machine). Likewise, 
weld metal microstructures can be simulated using chill castings. 
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Critical to the interpretation of aluminum weld ductility data, obtained from a 
cross-weld tensile specimen, is an understanding that most of the strain accumulated 
in the specimen occurs over a narrow band in the weld metal and HAZ. This narrow 
band may only comprise about 10- 15 mm of a 25 mm or 50 mm gage length. This 
behavior is contrary to what normally occurs in a tensile test of a homogeneous 
material, where strain is uniform over the entire gage length until the onset of 
necking. It follows that the weld ductility calculated for a 25 mm gage specimen 
will be significantly higher (roughly twice) than the ductility calculated for a 50 mm 
gage specimen. It becomes particularly important, therefore, to state a gage length 
whenever reporting weld ductility data. 


7.2 Zones of Weakness 

The global strength of a weldment is influenced by the mechanical properties of each 
of its different weld zones: base metal, HAZ, and weld metal. Each zone is comprised 
of a unique wrought or cast microstructure, and likewise exhibits a unique response 
to mechanical loading within the weldment. The HAZ itself consists of a continuous 
gradient of microstructures and hardnesses (recall Fig. 18), each differential portion 
of which has its own unique mechanical properties. 

In most aluminum weldments, the weld metal is the weakest zone. A notable 
exception to this is welded 6xxx alloys, where the HAZ is the weakest zone. The 
presence of excessive weld metal reinforcement (i.e. over-bead and under-bead) will 
also tend to shift failure into the HAZ. Thus, when attempting to analyze weld tensile 
data, it is important to know whether or not the reinforcement has been removed 
prior to testing. 

Weld fracture often initiates near the fusion boundary and is sometimes associ- 
ated with undercut at the weld toe (over-bead or under-bead). Undercut can serve as 
an effective stress riser, particularly when forming a sharp notch. Other weld defects 
may also provide fracture initiation sites, including oxide inclusions, hot cracks, 
porosity in the weld metal, and liquation cracks in the HAZ. Porosity, when dis- 
tributed uniformly as spherical pores, is not considered to be an effective stress riser, 
but it does reduce the load bearing area of the joint. 

Coarse grained structures in the HAZ, adjacent to the fusion line, are also 
inherently weak. In the case of 2xxx alloys, cracks initiate in the near-HAZ where 
coarse grain boundary precipitates are formed. The mechanism for this cracking 
involves the concentration of slip in the precipitate-free zones next to the coarse 
precipitates. Once initiated, however, these cracks tend to grow into the weld metal. 
The tendency for cracks to grow into the weld metal can be related to the nature 
of the columnar weld metal grains. Long columnar grains, extending from one weld 
pass to another, provide a continuous crack path for easy propagation. 


7.3 Hardness Traverses 

A hardness traverse is a series of hardness measurements made across a weldment, in 
a line, perpendicular to the welding direction. Made on the top surface of the weld or 
on a weld cross-section, a hardness traverse is a useful tool to help identify the weak 
zones of a weld. It also helps to define the extent of damage in the HAZ, something 
that will vary with weld parameters and welding processes. High power density pro- 
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(a) 




<c) 


Figure 19 Schematic diagram showing characteristic hardness traverse across weldment in 
(a) 5xxx; (b) 6xxx; and (c) 7xxx alloys. 


cesses, such as electron beam or laser, will produce a much narrower HAZ than will 
arc welds. Each alloy system, however, will tend to display a particular hardness 
traverse behavior as suggested in Fig. 19. 

Low to medium strength Al-Mg (5xxx series) alloys, Fig. 19(a), achieve their 
strength primarily from solid solution hardening and cold work. When welded, 
the strength from cold work is lost in the HAZ, but the solid solution strengthening 
remains. Because these alloys do not acquire strength from precipitation hardening, 
they are immune to the problems normally associated with dissolution or coarsening. 
Thus, the strength loss from welding is minimized. 

Medium strength Al-Mg-Si (6xxx series) and Al-Mg-Zn (7xxx series) alloys, 
Fig. 19(b) and (c), depend primarily upon precipitation hardening for strength. 
Welding results in the dissolution of precipitates and weakening in the HAZ. While 
both alloy types will experience some post-weld aging in the weld metal and 
HAZ (more so for the 7xxx alloys), the 6xxx alloys remain weakest in the HAZ. 
Because the 7xxx welds are weakest in the weld metal, significant efforts have been 
expended to develop new filler alloys capable of achieving higher weld metal 
strengths [73-75]. 


7.4 Selection of Filler Alloys 

Considering the many different types of base metal alloys that have been developed, 
there are relatively few filler alloys available from which to choose. In Table 4 are 
listed the commonly used and readily available filler alloys, together with some less 
common and less available alloys. The 1100 filler is used exclusively for low solute 
alloys. Its use results in low strength, high ductility welds. However, it may also 
cause hot cracking if used to weld high solute alloys. 

The 2319 filler is very specialized, having been developed specifically for 
welding alloy 2219. It has the same copper content as alloy 2219 (6 wt% Cu), 
but also contains some grain refiners (Ti, Zr, and V). This filler alloy has since been 
successfully used to weld alloy 2519 (a high strength version of 2219) as well as 
several new Al-Cu-Li-Mg alloys. 
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T able 4 N ominal Compositions for Common Filler Alloys Used to Weld Aluminum. 


Filler Alloy 

Si 

Mg 

Zn 

Cu 

Mn 

Cr 

Fe 

Ti 

Zr 

V 

1100 

(a) 

_ 

0.10 

0.20 

0.05 

_ 

(a) 

_ 



2319 

0.20 

0.02 

0.10 

6.3 

0.30 

- 

0.30 

0.15 

0 . 18 

0.09 

4043 

5.25 

0.05 

0.10 

0.30 

0.05 

- 

0.80 

0.20 

- 

- 

5356 

0.25 

5.00 

0.10 

0.10 

0.12 

0.12 

0.40 

0.13 

- 

- 

5183 

0.40 

4.80 

0.25 

0.10 

0.75 

0.10 

0.40 

0.15 

- 

- 

5556 

0.25 

5.00 

0.25 

0.10 

0.75 

0.12 

0.40 

0.12 

- 

- 

5039f 

0.10 

3.80 

2.80 

0.03 

0.40 

0.15 

0.40 

0.10 

- 

- 

5180| 

0.35 

4.00 

2.20 

0.10 

0.50 

0.10 

- 

0.13 

0.15 

- 


<a) Si + Fe = 1.0. 

Values in wt%, maximum and mid-range (italic). Data from Ref. 76, unless noted f from Ref. 77. 


Alloy 4043 (5 wt% Si) is the most universal of all the fillers and is capable of 
welding all other aluminum alloys, although its use is not recommended for welding 
high Mg alloys or parts to be anodized. Compared to 5xxx fillers, it does not produce 
joints that are as strong or ductile. However, it does exhibit excellent weldability, 
which is useful when welding crack sensitive alloys (e.g. 2014 and 6061). A brazing 
alloy 4047 (12 wt% Si eutectic) is sometimes used to weld particularly difficult alloys. 

The 5xxx fillers are the most commonly used (e.g. 5356, 5183, and 5556), with 
alloy 5356 being the most common alloy. These alloys all contain around 5 wt% 
Mg. Fillers 5183 and 5556 have higher levels of trace elements Zn and Mn. There 
are also special fillers containing high levels of Zn (e.g. 5039 and 5180) for improved 
strength. 5xxx fillers are often the cause of porosity, originating from surface con- 
tamination of the wire. 


7.5 Comparison of Tensile Properties 

The cross-weld tensile properties of numerous different aluminum weldments are 
compared in Table 5. The non-heat treatable alloys (1100, 3003, and 5083) are 
at the top of the table, and the heat treatable alloys (2xxx, 6xxx, and 7xxx) are 
at the bottom. Joint efficiency is taken to be the ratio of weldment-to-base metal 
yield strengths. The only aluminum alloy that demonstrates 100% efficiency in 
the welded condition is the fully annealed alloy 1100-0 (commercially pure), with 
all other alloy efficiencies varying between 33% and 65%. 

The 3003-H18 alloy weldment demonstrates very low efficiency (33%) because 
its primary source of strength (i.e. cold work) is lost in the HAZ and weld metal. 
The 5083-H321 alloy weldment demonstrates relatively high efficiency (64%) 
because, even though its cold work is lost, solid solution strengthening is maintained. 
5xxx series alloys are popular for use in welded construction because of this efficiency 
and because of their exceptionally good weldability. 

The 6xxx alloy weldments have the lowest strengths and efficiencies among the 
heat treatable alloys. The use of a 5xxx filler improves slightly the strength of these 
alloys, even though failure still occurs in the HAZ. However, the use of 4043 is often 
preferred for reasons of weldability, providing better resistance to hot cracking and 
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Table 5 Transverse Tensile Properties of Gas-Metal Arc Welded Aluminum Alloys 
Comparing Yield Strength (YS) and Elongation (E) in a 5 cm Gage 


Base Metal Properties Weldment Properties 


Base Metal 

YS 

(MPa) 

E 

(%) 

Filler Metal 

YS 

(MPa) 

E 

(%) 

Efficiency 

(%) 

Ref. 

1100-0 

34 

35 

1100 

41 

23 

121 

78 

3003-H18 

186 

4 

1100 

62 

15 

33 

78 

5083-H321 

228 

16 

5356 

145 

16 

64 

78 

2219-T81 

352 

10 

2319 

179 

3 

51 

78 

2014-T4 

290 

22 

4043 

138 

4 

48 

78 

2519-T87 

448 

12 

2319 

203 

5 

45 

79 

6061-T6 

276 

12 

4043 

124 

8 

45 

78 




5356 

138 

11 

50 

78 

6063-T6 

214 

12 

4043 

83 

8 

39 

78 

6082.26-T6 

290 

13 

5183 

135 

9 

47 

80 

7005-T63 

317 

12 

5556 

207 

10 

65 

78 

7039-T64 

379 

13 

5356 

148 

10 

39 

77 




5183 

182 

10 

48 

77 




5180 

203 

12 

54 

77 




5039 

210 

10 

55 

77 

7108.70-T6 

360 

10 

5183 

196 

5 

54 

80 

7108.70-T79 

320 

11 

5183 

195 

6 

61 

80 


liquation cracking. The 7xxx alloys give the best overall performance in strength and 
efficiency, primarily due to their active response to post weld natural aging. The use 
of specialty filler alloys 5180 and 5039 are observed to give a boost in strength. 


8 CORROSION 

Aluminum welds do not behave as wrought metal and exhibit their own corrosion 
behavior. Welds exhibit special microstructural features that need to be recognized 
and understood to predict acceptable corrosion service life of welded structures 
[81-83]. Welds inherently possess compositional and microstructural heterogeneities 
which can be classified depending on dimensional scale. On the largest scale, a weld 
consists of a transition from wrought base metal through a heat affected zone 
and into the solidified weld metal. The resulting variation in the corrosion potential 
from the fusion to the base material for an aluminum alloy is illustrated in Fig. 
20. Depending upon the alloy system in question, the differences in corrosion poten- 
tial between the HAZ and parent material can lead to selective corrosion. 
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Figure 20 Effect of the heat of welding on hardness and corrosion potential for three dif- 
ferent alloys (From Ref. 84.) 


Besides the galvanic corrosion due to potential differences between the fusion 
zone and base metal compositions, the fusion zone itself offers a microscopic 
galvanic effect due to microcompositional segregation resulting from solidification 
[85,86]. This microsegregation results in compositional gradients of both major 
and trace elements on the scale of a few microns within individual weld beads. 
The heat affected zone is characterized by the fact that every position relative to 
the fusion line has experienced a unique and different thermal profile resulting 
in each position having its own microstructural features and corrosion susceptibility. 
Gradients on a similar scale exist within the solidified multi-pass weld metal due to 
bead-to-bead variations in thermal experience. 

Aluminum weldments can experience most of the classical forms of corrosion 
but they particularly susceptible to those forms affected by variations in 
microstructure and composition. Specifically galvanic, pitting, stress, and inter- 
granular corrosion [87]. 
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8.1 Galvanic (Two-metal) Corrosion 

Variation in electrochemical potential between the aluminum alloys to be joined and 
the filler metal can result in the classical galvanic attack where the more anodic 
material adjacent to the boundary between the different materials is subject to 
attack. The damage decreases as the distance to this boundary increases and there 
is a dependence on the ratio of the cathode to anode areas. 

There are a number of common weld deposit /base metal combinations that are 
known to form galvanic couples. For most aluminum alloys, the weld metal and the 
heat-affected zone become more noble relative to the base metal. Certain aluminum 
alloys form narrow anodic region in the heat-affected zone and are prone to localized 
attack. Alloys 7005 and 7039 are particularly susceptible to this problem [85,86]. 


8.2 Intergranular Corrosion 

The mechanism for intergranular corrosion involves the establishment of local 
galvanic cells between micro-constituents present at grain boundaries. A comparison 
is made in Table 6 between the relative corrosion potentials for common constituents 
found a grain boundaries. In the case of 2xxx alloys, CuA 1 2 grain boundary 
precipitates are found to be cathodic relative to their adjacent, low copper, 
precipitate free zones (PFZs). Thus, when exposed to an electrolyte, the PFZs will 
preferentially corrode. In the HAZ of welds made on 2xxx alloys, the formation 
of coarse CuAF precipitates at grain boundaries is to be expected. These alloys 
typically display poor corrosion resistance. 

In the case of 5xxx or 7xxx alloys, the grain boundary precipitates will be, 
respectively, Mg 2 Al 3 or MgZn 2 . Both of these precipitates are observed to be anodic 
relative to their adjacent PFZs. Thus, when exposed to an electrolyte, the grain 
boundary precipitates will corrode. The danger to the alloy then depends upon 
whether or not the grain boundary precipitates are continuous. If continuous, 
the material is referred to as “sensitized” and the grain boundaries will be susceptible 
to attack. 5xxx alloys that have been welded are normally not in a sensitized con- 
dition. However, 7xxx alloys that have experienced HAZ liquation are particularly 
susceptible to this problem. The effect of this is demonstrated by the spike in 
corrosion potential for alloy 7039 in Fig. 20. 


Table 6 Electrode Potentials of 
Aluminum Constituents [88] 


Potential (volts)* 

Mg 2 Al 3 

-1.24 

MgZrn 

- 1.05 

99.95 A1 

-0.85 

CuAl 2 

-0.73 

FcAI 3 

-0.56 

Si 

-0.26 


*0.1N calomel scale, 53 g/1 NaCl + 3 g/1 H 2 O 2 at 
25°C 
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8.3 Pitting 

Pitting is a form of localized attack caused by a break down in the thin passive oxide 
film that protects the material from the corrosive environment. Pits are the result of a 
concentration cell established by a variation in solution composition in contact with 
the alloy material. Such compositional variations result when the solution associated 
with a surface irregularity is different from that of the bulk solution composition. 
Pitting has a delay time prior to nucleation and growth and its nucleation is very 
site selective depending upon the microstructure. Pitting occurs when the 
material /solution combination achieves a potential that exceeds a critical value, 
the pitting potential. Once a pit has formed it will act as an anode supported by 
relatively large adjacent cathodic surface. Pits are often initiated at specific 
microstructural features in the weld deposit [87]. The pit becomes deeper at an accel- 
erated growth rate. Weld metal has a higher probability of being locally attacked 
because of microsegregation in the dendritic structure. 

In many aluminum alloys that experience precipitation of a second phase, 
especially due to the thermal experience of welding, have produced significant com- 
positional gradients in the alloy matrix adjacent to the precipitate due to diffusion 
control during the precipitate growth. The adjacent region is often depleted in 
a specific alloy addition that is important in maintaining a passive film, thus 
subjecting this narrow anodic region to very localized galvanic attack being driven 
by relatively large surrounding cathodic regions resulting in pit initiation and 
growth. This behavior is commonly experienced from welding in precipitation 
strengthened alloys, resulting in first pitting in the heat affected zone and then 
often resulting in the initiation of stress corrosion cracking from bottom of these 
pits. 


8.4 Stress Corrosion Cracking 

Aluminum weldments can be susceptible to stress corrosion cracking when experi- 
encing specific environmental conditions. Stress corrosion cracking requires the 
proper combination of corrosive media, susceptible microstructure and tensile 
stress. Stress corrosion cracks have an anodic crack tip and often leave apparent 
corrosion products along the fracture. Cracking is often characterized by crack 
branching and usually has a delay time prior to crack initiation with initiation 
often occurring at corrosion pits. A weld, with its various heterogeneous 
microstructural features, becomes an excellent candidate for stress corrosion 
cracking. 

The thermal experience of welding is often very localized which results in 
strains that can cause distortion and residual stresses. Welds are often loaded in 
tension due to residual stress to a level approaching the yield strength of the base 
metal. Welding parameters influence the amount and distribution of residual stress 
since the extent of the stressed region and the amount of distortion is directly 
proportional to the size of the weld deposit which is directly related to the heat input. 
These residual stresses can be important in the generation and propagation of 
environmentally enhanced cracking. 
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It is known that post-weld heat treatment can reduce the tendency for stress 
corrosion cracking by redistributing the localized load and reducing the magnitude 
of the residual tensile stress available to induce stress corrosion cracking. In a recent 
study, post-solidification heat treatments were shown to also modify the local com- 
position gradients that significantly altered the susceptibility of the solidified 
microstructure to stress corrosion cracking [89], 

Corrosion can be minimized in aluminum weldments by the following practices 
[90]: (i) Selection of materials and welding consumables which reduce macro-and 
micro compositional differences; (ii) Selection of proper cleaning process can reduce 
defects that are often sites for corrosion attack; (iii) Promotion of deposits that have 
relatively flat beads with low profiles; (iv) Production of complete penetration; (v) 
Selection of post weld heat treatment to reduce corrosion susceptibility; (vi) 
Utilization of coating and passivation treatments; and (vii) Avoidance of forming 
crevices. 


9 WELDING AND JOINING PROCESSES 

Pure aluminum and most aluminum alloys can be welded by gas tungsten arc welding 
(GTAW), gas metal arc welding (GMAW), plasma arc welding (PAW), electron 
beam welding (EBW), resistance spot welding (RSW), and friction welding (FW). 
Fine wires can be welded by ultrasonic welding (UW). It is also possible to join 
aluminum alloys by brazing, soldering and diffusion welding. 

Less commonly, welding of aluminum alloys can also be done using shielded 
metal arc welding (SMAW), laser beam welding (LBW), electroslag (ESW) and 
electrogas (EGW) welding, and projection welding (PW). 


9.1 General Considerations 

In general, aluminum is not more difficult to weld than other metals and alloys; it is 
just different, which may require some special attention. For example, its higher 
thermal and electrical conductivity require greater weld input. In fact, aluminum 
welding typically requires three times the current needed for low C-steel in weld 
cycles 1/10 as long. Joint surface cleaning is far more critical than in steel welding, 
often requiring mechanical abrasion or chemical etching to remove thick oxide 
layers. Joint preparation can be done by a cutting operation, such as sawing, 
chipping, machining, or plasma arc cutting. Welding polarity can also be adjusted 
to fracture and remove the tenacious oxide layer. Joint surfaces should also be 
cleaned of dirt and grease. 

Because of its high reactivity with both oxygen and nitrogen, a protective 
atmosphere is needed to protect the molten weld pool. Because of the softness 
of aluminum and its alloys, improper wire brush cleaning or grinding is not 
recommended, due to greater possibility of embedded contaminants. Only stainless 
steel brushes should be used and they should be designated for exclusive use on 
aluminum to avoid contamination. Time between cleaning and welding should 
be minimal, or the surfaces should be re-cleaned. Brushing may be required between 
weld passes. 
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To minimize risk of porosity in welds, wet or damp parts should not be welded. 
If the ambient temperature is below 32° F (0°C), a heated shelter type structure 
should be used and the joint area must be preheated. 


9.2 Aluminum Oxide - The Protective Skin 

When fresh aluminum metal is exposed to air, AFO3 immediately forms (to about 15 
A Thick). In cool and dry environment, the layer stabilizes at about 25-50 A. In hot, 
humid, or anodizing conditions, the layer can grow to 25,000-50,000 A. The 
“self-healing” oxide layer regenerates itself when scratched. AFO3 is responsible 
for the corrosion resistance of aluminum. AFO3 is electrically non-conductive which 
causes arc instability. It has very high melting point (2066°C) and may contribute to 
cold lap type defects. AFO3 is hygroscopic and exists mostly in the hydrated form. 
Besides the weld joint area, the oxide may also need to be removed from the ground 
contact point. 


9.3 Surface Preparation - Oxide Removal 

Surface cleanliness is essential to the success of welding aluminum alloys. In par- 
ticular, the adherent surface oxide must be removed for stable welding and quality 
weldments. As a minimum requirement, wire brushing using stainless steel brushes 
is highly recommended. Vigorous brushing of the weld joint will expose fresh metal 
and promote arc stability. In addition, the oxide must be removed from the ground 
contact point to provide good electrical contact and thus, arc stability. Machining 
is sometimes performed to remove the oxide layer. Caution should be exercised 
regarding coolant, which is generally a source of contaminants. Most often, 
machining is done dry to avoid contamination. Grit blasting is another method used 
for oxide removal. Because of the softness of the metal and the possibility of 
embedding contaminants, the blasting is done using dry ice. Solid CO 2 particles later 
vaporize leaving no contamination behind. 

In addition to mechanical abrasion, thick oxide layers can also be removed by 
chemical etching. Both acid and alkaline solutions, e.g. nitric acid (HNO 3 ) and 
sodium hydroxide (NaOH), are used for this purpose. As an example, parts are 
immersed in 50% nitric acid aqueous solution at room temperature for 15 min to 
remove the oxide layer. The parts are then rinsed in cold water, followed by hot 
water, to remove the residual acid solution such that corrosion does not continue. 
It is most critical that the parts be dried thoroughly to avoid hydrogen pickup during 
welding. A combination of alkaline and acid solutions will give excellent results as 
well. The parts are first immersed in a 5% NaOH aqueous solution heated to approxi- 
mately 70°C for about 1 min. After rinsing in cold water thoroughly, the parts are 
then immersed in concentrated nitric acid at room temperature for approximately 
30 sec. Again, cold and hot water rinse and drying follow. This method is most effec- 
tive in removing thick, adherent oxide layers. 

Finally, cathodic cleaning is also used to rid aluminum plates of their oxides. 
This is essentially the gas tungsten arc (GTA) process with the part attached to 
the negative pole. This process relies on the stream of positive ions that bombard 
the part surface and crack the oxide layer. The cracked oxide particles are removed 
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in the arc plasma. Similar principle is used when welding aluminum alloys using AC 
welding. Half of the welding cycle will be DCEP providing the oxide cleaning action. 

In addition to oxide removal, the joint must be degreased immediately prior to 
welding. This is normally accomplished by wiping the joint with methanol, ethanol, 
or in extreme cases, acetone. This operation will remove oils left from finger prints 
and from other sources of contamination that may potentially provide hydrogen 
to the weld and result in porosity. 

9.4 Gas-Tungsten Arc Welding 

9.4.1 Power Supplies 

Most thin section GTAW of aluminum alloys is done with alternating current ( AC) 
because it provides a combination of ease of arc control, arc cleaning action, 
and current-carrying capacity without electrode overheating. However, when high 
penetration is required, direct current with negative electrode polarity (DCEN) 
is preferred, using helium as a cover gas. 

9.4.2 AC Arc Instability 

Aluminum is not as effective an electron emitter as is tungsten in AC welding. 
Reduced current flow may result during the electrode positive half cycle (particularly 
if the oxide layer is thick or the travel speed is high). The difference in current flow 
tends to rectify the AC current and overheat the transformer. As a result, cooling 
of the power source is thus needed. Quite often, battery bias is also used to com- 
pensate and balance the current flow. 

9.4.3 Effect of Electrode Tip Shape 

A balled tip and a pure tungsten electrode is commonly used for AC welding, because 
of its greater arc stability and wear resistance. It is made by striking an arc with the 
electrode positive configuration and increasing the current until the tip begins to 
melt and forms a ball of the proper diameter - about the diameter of the electrode. 

A sharp tip and a zirconia-tungsten electrode is preferred in DCEN welding. 
Welding with DCEN requires extra care in joint preparation, because of the absence 
of cleaning from the electrode positive cycle experienced with AC welding. 

9.5 Gas-Metal Arc Welding 

9.5.1 Power Supplies 

Most aluminum alloys can be welded using GMAW. This is normally accomplished 
in the DCEP mode using either constant voltage (CV) or constant power (CP) 
machines. The CP (i.e. “drooper”) machines are preferred for their good arc stability 
with a recommended slope of 1 volt per 5-10 amperes. 

9.5.2 Effect of Contact Tip 

Contact tip is critical in obtaining stable arc in aluminum welding. A smooth inner 
surface is required so that the wire does not bind to the contact tip. Additionally, 
the wire should enter with a slight cast to assure a consistent point of contact. 
The contacts tips are generally long, about 100 mm, because longer tips will result 
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in multiple points of contact, minimizing arcing and rough spots within the tip. Note 
that the longer contact tip is not for preheating as in steel welding, because aluminum 
wires do not require preheat. To cope with burnback, half-section tips can be used. 

9.6 Effect of Shielding Gas in Arc Welding 

Both argon and helium are used in GTAW and GMAW of aluminum alloys. Helium 
exhibits higher ionization potential and hotter arc temperature than does argon. 
Therefore, a helium arc will also have higher arc voltage and provide greater heat 
input. Helium is preferred for welding thick sections (> 2 mm). 

Argon, on the other hand, has lower ionization potential and larger atomic 
radius. Since the atoms are larger, they diffuse more slowly and can displace air 
more effectively from the weld zone, in the flat position. The larger atomic radius 
makes argon more effective in sputtering cleaning of oxide layer on the joint surface. 
Argon shielding also results in better arc stability. 

A helium-argon mixture (50—75 vol% He) provides an ideal combination 
characterized by superior metal flow and wetting, good arc stability and minimum 
spatter. These gas mixtures also tolerate wider ranges of arc current, arc voltage, 
and travel speed without resulting in increased weld porosity. 

The gases used must be welding grade (at least 99.99% purity). The dew point 
of these gases should be kept below — 76° F ( — 60°C) to minimize moisture and 
hydrogen pickup. For aluminum welding, pre- and post-flow must be considered, 
usually by automatic sequencing by the welding equipment. Pre-flow has the func- 
tion of purging the gas lines and post-flow protects the hot work and tungsten elec- 
trodes (in GTAW). 

9.6.1 Inert Gas Backing 

It is not common to use backside shielding when welding aluminum. However, when 
welding with full penetration, the backside of the weld may experience excessive 
oxidation if not protected in some manner. If underbead oxidation occurs, it is com- 
mon to observe cold laps at the edge of the weld root face. In most cases, the use of a 
backing material (ceramic or metallic) will help to minimize this oxidation. In 
extreme cases, backside shielding should be used. Welding grade argon is typically 
used as the backing gas, even if helium is being used as the main shielding gas. 

9.7 Filler Metal Selection Criteria and Guidelines 

Filler metal selection is based on factors such as weld hot cracking susceptibility, 
HAZ cracking (liquation cracking) susceptibility, required weld strength and 
ductility, corrosion resistance, service at high temperatures, weld metal fluidity 
and melting point, color match with base metal, and GMAW wire feedability. 

There are numerous filler alloys to select from (recall Table 4) in order to meet 
the various different criteria outlined above. Some of the intricacies of this selection 
were discussed in the previous sections on hot cracking, liquation cracking, and 
mechanical properties. However, for general use, most aluminum welding can be 
accomplished reasonably well using one of three different fillers (1100, 4043, or 
5356). These filler alloys are also the ones that are most readily available com- 
mercially. The proper selection among this group of fillers is summarized in 
Table 7. 
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Table 7 Base Metal-Filler Metal Matching in Aluminum Alloying Welding 


Base Metal 


6061 





3004 

1100 

welded to 


6063 

5454 

5086 


5005 

Alclad 

3003 

Base Metal 

7005 

6351 

5154A 

5083 

5052 

5050A 

3004 

1200 

1100 









1200 









3003 

5356 

4043 

4043 

5356 

4043 

4043 

4043 

1100 

3004 

Alclad 

3004 

5005 

5356 

4043 

5356 

5356 

5356 

4043 

4043 


5050A 

5356 

4043 

5356 

5356 

4043 

4043 



5052 

5356 

5356 

5356 

5356 

5356 




5083 

5086 

5154A 

5356 

5356 

5356 

5356 





5454 

5356 

5356 

5356 






6061 









6063 









6351 

5356 

4043 







7005 

5356 









9.7.1 Wire Feeding 

One of the common practical problems that welding professionals face in GMAW of 
aluminum alloys is filler metal feedability. This problem is particularly true for the 
softer alloys (e.g. 1100). Even though push feed systems can be used to deliver 
the filler metal, a push-pull system is always preferred to more smoothly deliver 
the filler wire to the arc. The multiple rollers can control the wire feed speed, lessen 
the tension on the wire, and minimize wire breakage and bird-nesting. 

9.7.2 Care and Storage of Filler Metal 

To avoid welding problems, always choose “Fresh” welding filler metal. Always 
check for contamination such as oil, dust, deposit from industrial fume, etc. Critical 
components of the wire drive system, e.g. drive rolls, guides and liners, and must also 
be checked for contamination. Spools of aluminum filler metals must be covered, 
even during use. While not in use, filler metals should be stored in bags with proper 
desiccant. 

9.8 Pre- and Post-Weld Heat Treatment 

It is not common, nor is it recommendable, to use preheat or postheat in aluminum 
welding. Such heat treatment is only performed under very special circumstances 
for very specific reasons. For example, preheat can be used to dry off moisture from 
parts prior to welding. It may also help limit weld distortion and permit higher 
welding speeds. 
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Some practical guideline regarding conditions that may require preheating are: 

1. Never weld Al alloys when the temperature of the metal is below the dew 
point of the surrounding atmosphere. 

2. Never weld outdoors in the early morning. 

3. Never weld in a mist or fog, or when the temperature is below freezing. 

In the case of postheat, certain age hardenable alloys (e.g. 6xxx and 7xxx) will 
respond to post weld heat treatment to achieve a small boost in strength. However, 
this strength gain is normally accompanied by a very large (and unacceptable) drop 
in ductility. The range of temperatures must be carefully controlled. For example, 
Alloy 6061 in the heat-treated condition should not be heated above 300-350°F 
(149-177°C) for periods longer than 30-40 min. A good rule-of-thumb is not to heat 
above 250°F (121°C) and not to hold longer than 30 min. For non-heat-treatable 
alloys, heating can be detrimental. Sensitization is known to occur in 5xxx series 
alloys when heated to 150°F (65°C). Heating can result in loss of mechanical proper- 
ties of work hardened alloys because of recovery and recrystallization. 


9.9 Special Concerns in Arc Welding 

9.9.1 Defects 

The primary difficulty in welding aluminum alloys is the susceptibility to hot 
cracking (i.e. solidification cracking). This is particularly true for the age hardenable 
alloys. Porosity is another major concern that occurs particularly in 5xxx and 6xxx 
series alloys. Liquation cracking is also a serious problem for certain 6xxx and 7xxx 
alloys. 

9.9.2 Strength Loss 

Loss of mechanical properties because of welding thermal cycle is also important. 
Other difficulties such as weld distortion and loss of corrosion resistance (such 
as those found in high Mg 5xxx series alloys) are considered secondary difficulties. 

9.9.3 Soot Removal 

Particularly when gas metal arc welding the 5xxx series alloys, or using 5xxx series 
filler metals, a sooty deposit generally occurs around the weld. This material is com- 
posed primarily of magnesium oxide, MgO. The deposit can be easily wiped off if 
done immediately. If left on for a prolonged period, e.g. a few hours, wire brushing 
may be required. 

9.9.4 Health 

Aluminum and its oxides are non-toxic, but care should be taken to provide adequate 
ventilation to protect against the ingestion of excessive amounts of particulates. The 
major constituent of the fume is aluminum oxide. Other minor components are 
particles containing for example aluminum-copper, aluminum-magnesium, 
depending on the filler alloy used. As a result of the higher current required for 
welding aluminum alloys and the highly reflective aluminum surface, arc burns 
are frequently reported. 
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9.10 Resistance Welding 

Spot and seam welding are the two most used resistance welding processes for alumi- 
num sheet and small parts [91-96]. Resistance spot welding [97] is defined as a pro- 
cess in which faying surfaces are joined in one or more spots by the heat 
generated by the resistance to the flow of electric current through the work piece 
that are held together under force by electrodes. The contacting surface representing 
a local high resistance is ohmically heated with single or multiple current pulses. The 
electrode force is maintained while the weld metal rapidly cools and solidifies. 

Resistance seam welding [98] is defined as a process in which heat generated 
by the resistance to the electric current in the work metal is combined with pressure 
to produce a welded seam. The resulting seam weld consists of a series of spot 
welds. Resistance seam welding offers gas and liquid tight points and a high-speed 
production process. Aluminum and aluminum alloys can be lap seam welded 
but not mash seam welded, where work metal is compressed at the joint to reduce 
joint thickness, due to the narrow plastic range of aluminum alloys (about 
95-205°C) 

Resistance welding processes fuse parts by the heat generated from the flow of 
current through a resistance for a given time. The machine needs to have adequate 
capacity to provide the current necessary for the gauge of material to be welded. 
The current should be adjustable in amplitude as well as time and impulses. The 
current can be cyclical or direct current and from a single phase or poly-phase power 
source. The time of current flow often is adjustable in one cycle steps. The number of 
cycles range from one to thirty cycles. The applied pressure and holding should be 
adjustable for 1-99 cycles. The tip force should be able to be adjusted to meet 
the requirement for a specific thickness. The electrodes best suited for aluminum 
fabrication are the copper-cadmium alloy class I. 

Resistance spots welds should be used in shear loading. The shear strength is a 
function of alloy composition, section thickness, weld spacing and set up and welding 
parameter scheduling. Spot welds in tension may have strengths that vary from 
20-90% of their shear strength. When tensile and combined loads are to be used, 
testing is required to verify that the joint strength can fulfill the service condition. 

All aluminum alloys, both non heat treatable and heat treatable, are suitable 
for resistance welding [99-103]. Aluminum and aluminum alloys have high thermal 
and electrical conductivity (Table 8) and to make a spot weld a high welding current 
and relatively short welding time are needed. Pure aluminum has the highest elec- 
trical conductivity and thus will require a greater energy input for a given weld. 
Shrinkage cracks in aluminum weld metal are mainly critical to the copper-bearing 
alloys (2017, 2024 and 7075). The alloys 2014, 3003, 5050 and 6061 show less 
shrinkage. The chromium-bearing alloys (5052 and 6053) may develop porosity, 
depending on temper. 

A spot weld consists of a central oval core which has a granular or equiaxed 
zone [102]. Surrounding this oval core zone is another zone made up of a columnar 
dendritic grain structure. These two zones make up the weld nugget and they 
are both cast structures. Outside the columnar zone there is a layer of material that 
has been altered by the thermal experience. 

The hardness of an alloy, and thus the temper, is one variable influencing 
weldability. In general, alloys in the softer tempers are much more susceptible 
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Table 8 Melting Ranges, Electrical and Thermal Conductivities, and Resistance 
Weldability of Common Aluminum Alloys (From Ref. 104) 


Alloy and 
temper 

Melting Range 

(°C) 

Electrical 
Conductivity, 
%IACS (a) 

Relative thermal 
Conductivity, % (b) 

Resistance 
Weldability (c) 

Non-heat-treatable wrought aluminum alloys 



1350-H19 

646-657 

62 

60 

ST 

1060-H18 

646-657 

61 

57 

ST 

1 100-H18 

643-657 

57 

55 

RW 

3003-H18 

643-654 

40 

39 

RW 

3004-H38 

629-652 

42 

42 

RW 

5005-H38 

632-652 

52 

51 

RW 

5050-H38 

627-652 

50 

49 

RW 

5052-H38 

593-649 

35 

35 

RW 

5083-H321 

574-638 

29 

30 

RW 

5086-H34 

584-640 

31 

32 

RW 

5154-H38 

593-643 

32 

32 

RW 

5182-0 

574-640 

31 

31 

RW 

5454-H34 

602-646 

34 

34 

RW 

5456-H321 

571-638 

29 

30 

RW 

Heat-treatable wrought aluminum alloys 



2014-T6 

510-638 

40 

39 

ST 

2024-T361 

501-638 

30 

31 

ST 

2036-T4 

554-638 

41 

40 

RW 

2219-T37 

543-643 

28 

29 

ST 

6009-T4 

560-649 

44 

43 

RW 

6010-T4 

585-649 

39 

38 

RW 

6061-T6 

593-649 

43 

43 

RW 

6063-T6 

615-654 

53 

51 

RW 

6101-T6 

615-652 

57 

55 

RW 

7075-T6 

447-638 

33 

33 

ST 

Aluminum casting alloys 




413.0-F 

574-582 

31 

32 

LW 

443.0-F 

574-632 

37 

37 

RW 

308.0-F 

521-613 

37 

37 

ST 

238.0-F 

507-599 

25 

26 

LW 

513.0-F 

579-638 

34 

34 

ST 

520.0-T4 

449-604 

21 

22 

NR 

333.0-T6 

516-585 

29 

30 

ST 

C355.0-T61 

546-621 

39 

38 

ST 

356.0-T6 

557-613 

39 

38 

ST 

712-F 

604-643 

40 

39 

RW 


Wrought and casting alloys are identified by Aluminum Association designations. 

(a) International Annealed Copper Standard, volume basis at 20°C (68°F). For comparison, copper alloy 
102 (oxygen-free copper) is 101% and low-carbon (1010) steel about 14%.(b) Based on copper alloy 102 
as 100%, which has a thermal conductivity of 391 W/m ■ K (226 Btu/ft ■ h • °F) at 20°C (68°F). Low-carbon 
steel has a thermal conductivity of about 13% on this relative scale, (c) RW, readily weldable; ST, weldable in 
most applications but may require special techniques for specific applications; LW. limited weldability 
and usually requires special techniques; NR, welding not recommended 
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to excessive indentation and sheet separation and to low or inconsistent weld 
strength. Greater deformation under the welding force causes an increase in the 
contact area and variations in the distribution of current and pressure. Welding 
of aluminum alloys in the annealed condition or in the softer tempers is not rec- 
ommended without special controls. 

High-strength alloys, such as alloys 2024 and 7075, are easy to resistance weld, 
but may require applications of a forge pressure, because they are more susceptible 
to cracking and porosity than the lower-strength alloys. Aluminum clad alloys 
can also be resistance welded. 

To minimize the likelihood of cracking or porosity in the weld, careful control 
of the electrode force is necessary. If the force is applied too soon, the welding cur- 
rent may be insufficient due to a premature loss of contact resistance. Thus, correct 
initiation of the force relative to the current is essential. 

The narrow plastic range between softening and melting means that welding 
forces, time, and current need to be closely controlled. For consistent weld quality, 
it is essential that the tenacious surface oxide films are removed by mechanical 
or chemical techniques prior to welding. 

9.10.1 Surface Preparation 

A primary consideration in spot or seam welding is associated with the cleanness of 
its surface. Any type of impurity on the faying surfaces is incorporated in the weld, 
causing oxides and blowholes. Gas shielding may be required to maximize joint 
quality. 

For critical applications, a 2-6 min immersion in a room temperature solution 
of a nitric-hydrofluoric acid (120 g/1 of 68% NHO3, 2 g/1 of 48% HF and 2 g/1 
of a wetting agent) is an acceptable practice. The immersion practice schedules 
involve (after degreasing, if necessary) 30 sec cold running-water rinse, 10 sec in 
hot water (60-7 1°C) and an air blast dry. 

9.10.2 Classifications 

Spot welding is characterized into four classifications that are based on the function 
of spot welding [92]. Class I is for applications that require high integrity and 
are used in highly critical locations. Class II is for sheet metal surfaces that must 
be free from surface markings or imperfections after metal finishing to the extent 
the spot welds are not usually apparent after painting. Class II welding should 
not exceed ten percent tip indentation. Class III is for sheet metal surfaces which 
may be visible but are not exposed external surfaces. Their welds have structural 
requirements and may be painted or not painted. A twenty percent indentation 
is acceptable in Class I and III welds. 

Class IV welding is for applications where no structural strength is required 
and does not have surface indentation requirements. Nugget penetration range 
of 20-80% is acceptable. Size and weld spacing for spot welds depend on the 
thickness of the metal being formed. Excessive force is characterized by extreme 
indentation, sheet separation, work distortion, unsymmetrical welds and the need 
for higher current. 

Class I welding does not allow any surface cracks. Visible surface cracks should 
not be present in over ten percent of the Class II welds and twenty percent for Class 
III welds. The 10-20% should not be consecutive. Surface cracks are permitted 
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in Class IV welds provided the crack length does not exceed 50% of the weld nugget 
diameter. Surface cracks in the parent metal around the weld or extending from 
the weld into the parent metal should not be permitted. Expulsion, which is caused 
by insufficient forces, is not permitted in Class I welds but permitted in Class II, 
III and IV welds. Lack of fusion within the weld should not be permitted in any 
weld class. 

9.11 High Energy Beam Welding 

Both electron beam and laser beam can be used to weld aluminum alloys. Because of 
low power and heat input of laser beam welding (LBW) and electron beam welding 
(EBW), only a small volume of metal will be affected by overaging or annealing 
as a result of the welding thermal cycle. Thus, HAZ degradation is not expected 
to be severe. However, the highly localized mechanical property mismatch between 
the HAZ and the base metal can be detrimental because of the local deformation, 
particularly in structural components. The high power density, however, may lead 
to loss of strengthening elements such as Mg and Zn in the weld metal. For example, 
the hardness of a 6061 alloy weld may be affected by Mg vaporization. Subsequent 
heat treatments to the T6 condition will not be able to produce strengths to the 
base metal level because of the lower content of the alloying element to precipitation 
strengthen. The loss of Mg is important to the 5xxx and 6xxx series while the loss of 
Zn is important to the 7xxx series alloys. 

In the case of LBW, the major difficulty is actually the low laser beam-material 
coupling in the 1.06 (NdiYAG laser) to 10.6 /un (CCL laser) range wavelength. 
Polished aluminum surfaces typically reflect over 90% of the laser energy. Many 
methods such as mechanical or chemical roughening, deposition of absorptive paints 
or coatings, anodization and dyeing the aluminum surface have been developed, with 
different degree of success, to improve the absorptivity of laser energy. Once melting 
is initiated, however, the formation of a vapor plume helps to achieve more efficient 
coupling. 

In the case of EBW, welding can be performed in high vacuum ( < 1(T 3 Torr), 
medium vacuum (10 -3 to 25 Torr) or in atmosphere with helium shielding. Most 
aluminum alloys can be processed, but cracking may occur in 2xxx, 6xxx, and 7xxx 
series alloys. The addition of filler metal may prevent weld cracking. 

Despite some of the difficulties mentioned in the earlier paragraphs, both LBW 
and EBW are used in the aerospace and automotive industries. 


9.12 Solid-State Joining Processes 

All of the standard solid-state (i.e. non-fusion) joining processes can be used to join 
aluminum alloys to themselves and to dissimilar metals. These processes include: 
ultrasonic welding, friction welding, explosive welding, and diffusion welding. Using 
high frequency (ultrasonic) vibration in ultrasonic welding, work pieces can be joined 
by holding them together under low pressure. Because of the low energy input 
involved, only thin gage materials can be joined using this technique. Most alumi- 
num alloys can be ultrasonically welded with minimum surface preparation such 
as degreasing and oxide removal. Their chemical composition and temper conditions 
affect only slightly the weldability. 
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9.12.1 Friction Welding 

Friction welding involves the joining of two parts by physically rotating one part 
relative to the other under pressure such that frictional forces and heat are generated, 
thus resulting in the plastic flow of material and mechanical interlocking. This is a 
popular way of making dissimilar metal joints. 

9.12.2 Explosive Welding 

Explosive welding is particularly useful in the joining of aluminum alloys to other 
metals in the lap configuration. The shock wave produced by the detonation of 
the explosives creates a high velocity jet at the faying surfaces. With the salient jet, 
a layer of the surface, including oxides, is removed while the two “stripped” parts 
are driven together to establish a high quality bond. Joint preparation includes clean- 
ing of the faying surfaces within a specified time before welding. 

9.12.3 Diffusion Welding 

As its name indicates, diffusion welding relies on the atomic diffusion which is a 
function of time and temperature. Typically a long process, the faying surfaces must 
be well prepared in terms of dimension and flatness so that intimate contact can 
occur. Too thick a surface oxide layer can be a problem because of the excessive 
long time for its dissolution. An interlayer of another metal such as silver and copper 
is often inserted between the two parts to promote bonding. Because of the long 
processing time and possibility of reaction with oxygen and nitrogen, diffusion 
welding is done in vacuum or in atmospheres of high purity inert gas. 

9.13 Special Joining Processes 

Two specialized joining processes, developed especially for aluminum, have gained 
widespread interest in recent years and have proven capable of producing exception- 
ally high quality joints in an economical and efficient manner. These joining pro- 
cesses include the Variable Polarity Plasma Arc process (VPPA) and the 
Friction Stir Welding process (FSW). 

The VPPA process [105, 106] incorporates new advancements in power sup- 
plies now capable of providing rapid polarity switching from electrode positive (EP) 
to electrode negative (EN). It is now also possible to set the EN and EP times inde- 
pendently so as to favor either good penetration (EN) or good cleaning action (EP). 
Typical settings utilize a 19 millisec EN cycle followed by a 4 millisec EP cycle. This 
corresponds to a switching frequency of 77 Hz. When this power supply is combined 
with a plasma arc welding process, used in a keyhole mode of operation in the 
vertical-up position, this becomes a viable method for joining 5-25 mm thick plate 
in a single pass. 

The FSW process [107] is basically a form of friction welding, but without 
having to rotate the parts to be joined. Instead, a cylindrical tool, spinning at high 
velocity, is passed along the weld joint thereby causing metal from one plate to flow 
into the other plate. The cylindrical tool consists of a shoulder and a pin. The 
shoulder rides on the top of the plate, exerting pressure and preventing extrusion 
of metal out of the joint. The pin resides inside the metal and serves to generate 
frictional forces that cause the metal to flow in a circular motion. These frictional 
forces also generate heat, which serves to make the metal plastic. Because of the 
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large forces generated, this process requires rigid fixturing and hold-down clamps. It 
is best suited for long and straight joints in plate of moderate thickness. It has sig- 
nificant advantages over arc welding, resulting in negligible residual stress and a 
reduced loss of strength. All of the problems associated with liquation and 
solidification are avoided. 
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1 INTRODUCTION 

As manufactures seek to reduce weight and cost of products, aluminum alloy casting 
has emerged as an “optimal” material and manufacturing process choice in many 
situations. This is because aluminum casting offers the important advantage of being 
able to produce lightweight, highly complex functional shapes quickly and easily. 
Cost is reduced because numerous parts and complex construction and processing 
steps typically associated with built up structures and weldments can be replaced 
by a single cast part. Weight is reduced because the lightweight aluminum alloy 
can be located where it is needed and because sections can be thinner since load 
does not transfer across part interfaces, i.e. through fasteners or welds. To harvest 
these advantages, there are certain desirable goals that the aluminum casting 
designer should strive for. 

1. Maximize Functionality: The engineer should design as much function as 
possible into the casting while also ensuring that the casting will success- 
fully withstand the service requirements for which it is intended. This 
means that a single cast part may take the place of many individual sep- 
arate parts, eliminating assembly operations, reducing weight, and fre- 
quently improving the overall structural integrity. For example, the 
numerous separate parts (formed sheet metal components plus rivets 
and other hardware) in a built-up aircraft access door can be replaced 
by a single monolithic aluminum casting. 

2. Optimize Manufacturing Characteristics: In casting, the part being pro- 
duced and the tooling used to produce the part interact in complex ways, 
which effect the quality, cost, and lead-time of the casting. Because of these 
complex interactions, part geometry not only determines the functionality 
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and structural integrity of the casting, it also determines the mold con- 
struction, mold filling and material solidification processes involved in 
producing the casting. These processes in turn affect cycle time, casting 
quality, and material properties such as yield strength, ultimate strength, 
and fatigue resistance. Casting geometry must therefore be determined 
based on both functional and processing requirements. Casting 
manufacturability is optimized by considering the foundry, tooling, 
and secondary processing (e.g. machining, heat treating, etc.) needs early 
in the design process, before design decisions become fixed and therefore 
difficult and costly to change. 

3. Minimize Material Usage: The minimum volume of metal that will satisfy 
the structural, functional, appearance and manufacturability requirements 
of the application is usually the best choice. Metal casting offers two 
unique and very desirable design advantages that facilitate material 
minimization: (1) metal mass can be located exactly where it is needed; 
and (2) complex, three-dimensional geometry is readily created. 

To achieve these goals, it is essential that the aluminum casting designer have a 
good working knowledge of the following subjects. 

• The advantages and limitations of the various casting processes used for 
producing aluminum castings. 

• Types of geometry related casting defects, there causes, and methods of 
prevention. 

• The service and casting characteristics of aluminum alloys and their suit- 
ability for each of the various casting processes. 

• Thermal processing of aluminum castings (e.g. heat treating, welding) and 
its effect on production and service performance of the casting. 

• Pattern, permanent mold, and die casting die construction and operation. 

• Sources of casting cost and design considerations that drive these costs. 

• Sources of machining cost and design considerations that drive these costs. 

• Mechanical properties of cast aluminum alloys. 

• Structural design principles and practices. 

• Concurrent engineering methods and practices. 

This chapter discusses the issues and practices associated with aluminum 
casting design. The focus is on aluminum casting design in general including both 
expendable molds (e.g. sand casting, investment casting, etc.) and permanent molds 
(e.g. die casting). 


2 CASTING PROCESSES 

Casting is a manufacturing process in which molten metal alloy is poured or other- 
wise caused to flow into a shape that approaches that of the finished component. 
In creating the casting, the melt is conducted to the cavity in a highly controlled 
manner using a system of channels, reservoirs, and other flow elements, which 
we will collectively refer to as the rigging system. The shape is provided by the mold, 
which is, in essence, a cavity having the negative shape of the component and sized to 
compensate for dimensional changes (shrink) that occur as the alloy solidifies and 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Casting Design 


535 


cools to room temperature. The mold may be expendable or permanent. An 
expendable mold is used only once and is typically broken into pieces to free the 
solidified casting. A permanent mold , on the other hand, is intended to be reused 
over and over again and is designed to release the solidified casting by opening 
and closing. In this section, we briefly overview the various casting processes to 
provide the background needed to discuss casting design. See Chapter 15 for a more 
in-depth discussion of casting process details. 


2.1 Rigging System 

In most casting processes, the rigging system performs two major functions: (1) fill 
the mold cavity with molten metal; and (2) feed additional molten metal to the 
casting to compensate for shrinkage that occurs as the casting solidifies. The typical 
rigging system is made up of a variety of different elements or features that allow 
it to perform these functions (Fig. 1). 

The filling function is performed by the running system, which includes the 
pouring cup, sprue, runners, in-gates, and other channeling and flow control 
elements. For example, in the sand casting process, molten alloy is poured into 
the pouring cup, which is a receptacle sized and shaped to accommodate the stream 
of metal and smooth its flow. The sprue transports the metal to one or more runners, 
which in turn distribute the metal to the cavity. Typically the sprue is conical in shape 
to help minimize or reduce turbulence and mixing of air with the metal flow. The 
runners generally have large cross-sections and are often shaped to streamline 
and slow down the flow and deliver it to various regions of the mold cavity with 
a uniform flow rate. The runners are connected to the cavity by gates that control 
the flow of metal into the cavity. Typically, gates have reduced cross-sections to 
control the metal flow and to allow easy separation of the rigging system from 
the solidified casting. A well at the base of the sprue may also be provided to retain 



Figure 1 Typical rigging system elements. 
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contaminants such as refractory materials that may have been washed off the mold 
walls during pouring as well as non-metallic compounds formed by the molten metal 
reacting with air. 

The feeding system helps avoid flaws such as porosity and shrinkage cavities by 
locating feeders at one or more locations around the casting (Fig. 1). Feeders (also 
called risers or feeder heads) are reservoirs of molten metal that continue to supply 
the casting with metal until it is completely solidified. Feeders are typically located 
at “chunky” regions of the casting that are likely to require additional metal supply 
as they solidify. In addition to feeders, detail casting geometry can help eliminate 
casting defects as discussed throughout this chapter. 


2.2 Expendable Mold Casting Processes 

Expendable mold casting includes a variety of casting processes such as sand casting, 
shell molding, vacuum molding, the lost foam process, and investment casting. In all 
of these processes, the expendable mold is prepared by consolidating a refractory 
material (sand or other refractory powder or slurry) around a pattern that defines 
the shape of the mold cavity (Fig. 2). Typically, the pattern will also define the shape 
of the rigging system, although, in some specialized cases, the runners and gates may 
be manually added during molding. The processes differ in that, in some cases the 
pattern is reusable and in others, it is expendable. 

Sand casting, shell molding, vacuum molding, and other similar casting pro- 
cesses employ reusable patterns. To be reusable, the pattern is typically made of 
a material that is durable enough to permit repeated consolidation of the refractory 
and is shaped to allow withdrawal from the consolidated refractory mold. To allow 
withdrawal of the pattern from the mold, a parting plane is selected that conveniently 
divides the cavity into two or more parts. Surfaces that are perpendicular to the 
parting plane are sloped (i.e. have draft) to facilitate easy pattern removal. In 
addition, the pattern dimensions are increased ( shrinkage allowance) to compensate 
for shrinkage that occurs as the solidified casting cools to room temperature. 

Since the reusable pattern imprint forms the cavity, the pattern creates the 
external shape of the cast part. Internal features such as recesses, internal cavities, 
holes, and other undercuts are formed by cores. A core is a full-scale model (modified 
by the shrinkage allowance) of the internal feature that is typically made of sand 



Figure 2 Steps in the production of a sand casting. 
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formed into the desired shape by a core box. The cores are placed in the mold cavity 
after the pattern is withdrawn and are supported by core prints (nesting holes pro- 
vided by the pattern), and also by chaplets (metal supports that ultimately melt into 
the casting) in some cases, that allow the molten metal to flow between the core 
and the mold wall. In some cases, cores may also be necessary to produce a desired 
“zero” draft external surface, depending on the parting line selected. 

Casting processes, such as the lost foam process and investment casting pro- 
cess, employ expendable patterns. An expendable pattern is typically destroyed 
as part of the casting process. In the lost foam process (also called the expanded 
polystyrene casting process, the lost pattern process, and evaporative foam process), 
for example, the pattern is made of polystyrene foam that vaporizes when the molten 
metal is poured into the mold. The polystyrene pattern typically includes the rigging 
system and may also contain internal cores (if needed), thus eliminating the need to 
fabricate and place individual cores in the mold. Also, since the pattern itself 
becomes the cavity, considerations of draft and parting plane can be ignored. 
The pattern can be made in a variety of ways depending on the quantity of castings 
to be made. For one-of-a-kind castings, the foam may be manually cut and 
assembled to form the pattern. For large production volumes, on the other hand, 
an automated molding operation can be utilized. 

In investment casting, a pattern made of wax is coated with a refractory 
material to make the mold. The wax is then melted out of the mold prior to pouring 
the molten metal. Investment casting is capable of very intricate shapes, close 
dimensional control (± 0.076 mm), good surface finish, and is a net shape process 
since no subsequent machining is normally required. Because the pattern is 
expendable, there is no need to remove the pattern so cores and draft are not needed, 
and the only limitation on shape is that the ceramic shell must be removable after the 
casting has solidified. The disposable wax patterns are readily produced in large 
quantities by injection molding into metal dies. Note that, in this case, some draft 
may be necessary to permit removal of the wax pattern from the metal die. 


2.3 Permanent Mold Casting Processes 

In permanent mold casting, the mold is made of metal (usually steel or cast iron) and 
is designed to open and close at the parting plane. The cavity and rigging system are 
machined into the mold halves to provide accurate dimensions and good surface 
finish. A prime requirement of permanent mold casting is that the solidified casting 
be readily removed from the mold cavity. This requires generous draft on surfaces 
that are perpendicular to the parting plane. In addition, cored features such as 
undercuts and transverse holes must not prevent opening of the mold and/or ejection 
of the solidified casting. When the cavity is filled under gravity or low pressure feed, 
sand cores may be placed in the permanent mold to produce desired interior features 
while still allowing the mold to open and close and the part to be readily ejected. This 
approach is often referred to as semipermanent mold casting. In high production 
applications and/or when filling pressure is high, more costly and complicated 
moveable metal cores must be used. Also, in more mechanized applications, ejector 
pins are necessary to remove the solidified casting from the mold. 
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A variety of different permanent mold casting processes are used. Gravity-fed 
permanent mold casting is similar to expendable mold casting processes such as sand 
casting except the mold is made of an appropriate permanent material. In low press- 
ure permanent mold casting, the mold is located directly above the melting or holding 
furnace and metal is fed by air pressure into the mold cavity. In die casting, metal is 
forced into the mold cavity under moderate to high pressures. In the cold-chamber 
die casting process typically used for aluminum alloys, molten metal sufficient 
for one shot is transferred into the shot chamber and then injected by a plunger 
into the mold cavity. 


2.4 Finishing Processes 

Finishing processes are required to clean the solidified casting and prepare it for use 
in its intended application. For example, the rigging system (e.g. gates, runners, 
risers, sprue, etc.) must be removed by either breaking off (brittle materials) or 
sawing and grinding (more ductile materials). Remnants of the gate as well as flash 
must then be removed in additional trimming operations. Inspection is another 
important finishing process. If defects are found in the finished casting, they can 
often be repaired by welding. 

After the casting has been cleaned and inspected, it may be further processed in 
a variety of ways. These operations, which are often referred to as secondary pro- 
cessing, might include stress relieving, heat treating, hot isostatic pressing (HIP), 
welding, machining, joining, painting, and plating. The final surface finish of most 
aluminum castings usually falls into one of three broad categories: as cast, 
mechanically finished, and/or chemically finished. The as cast surface finish of 
aluminum castings is often good enough for use without further treatment in many 
applications. In other applications, the appearance or quality of the surface finish 
can be enhanced by mechanical or chemical treatments. The most common mech- 
anical finishing methods include abrasive blasting, ball burnishing, wire brushing, 
tumbling, and buffing. 

Surface appearance and corrosion resistance may be further enhanced by 
chemical conversion coatings (e.g. Alodine or Irridite processes) or by anodizing. 
Chemical conversion processes enhance appearance by imparting a translucent color 
ranging from gold to a gray-green, but these coatings are not very durable or wear 
resistant. In the anodizing process, an anodic coating of aluminum oxide is applied 
to the aluminum casting by an electrochemical process similar to electroplating. 
Anodized finishes are more durable and wear resistant, but also reveal casting defects 
such as pinhole porosity and dross inclusions, so closely controlled foundry con- 
ditions and precise alloy composition is essential. 


3 CASTING PROCESS SELECTION 

The selection of a particular casting process to produce a specific part is governed by 
a variety of factors and considerations. Paramount among these is the geometric 
configuration and design features of the casting, which essentially determine the 
feasibility of the different processes. When more than one casting process option 
is feasible, the choice will then usually depend on size (weight), production quantity, 
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cost targets, and budget constraints. Also, depending on the application, functional 
requirements such as soundness, pressure tightness, mechanical properties, and 
so forth may strongly affect the process selection. 

Tolerance capability is typically better for permanent mold casting processes 
because the metal mold is usually more accurate. Also, the metal mold (often com- 
bined with higher pressure and therefore better thermal contact ) extracts heat faster, 
which produces better mechanical properties due to increased solidification rates and 
the finer microstructure that results. Operator skill also tends to be less for perma- 
nent mold processes since these processes are usually more mechanized. Expendable 
mold processes such as sand casting, on the other hand, are capable of producing 
complex external and internal shapes and are also suitable for relatively small pro- 
duction quantities. Also, expendable mold casting processes tend to have less 
porosity defects provided that good casting technique is used. 

Unit cost is highly dependent on production quantity because tooling cost 
(patterns, molds, etc.) must be distributed over the number of castings shipped. 
Typically, expendable mold casting involves more manual labor and worker skill 
and is better suited for lower production quantities. For low production quantities, 
the casting process involving the least tooling investment will typically result in 
the lowest unit cost. However, unit cost is often high for low production quantities 
because of the additional manual labor involved. With higher production quantities, 
unit cost decreases since tooling cost is amortized over the higher number of parts 
and more mechanization of the process can be justified. Permanent mold processes 
such as die casting, however, typically require very high production quantities to 
offset the very high initial tooling investment required. 


4 DESIGN RELATED CASTING DEFECTS 

Casting defects occur for many reasons. Some are foundry or process related. For 
example, common sand casting defects include sand blow, pinholes, sand wash, 
scabs, penetration, mold shift, core shift, and mold crack. Others are common 
to casting processes in general and result because of undesirable interactions that 
occur between the casting geometry, alloy, and process. We refer to these as design 
related casting defects because they involve the casting geometry and can often 
be avoided by appropriate casting and rigging system design. 

4.1 Porosity 

Porosity is a casting defect that typically appears as a network of small voids dis- 
tributed in various regions of the casting. If the porosity can be seen by the naked 
eye during radiographic inspection, it is referred to as macroporosity while porosity 
that requires magnification to be seen is referred to as microporosity. Porosity in 
cast aluminum is caused by gas bubbles that get trapped in the solidifying alloy 
(gas porosity) and by voids that form between dendrites due to solidification shrink- 
age effects ( shrinkage porosity). Gas bubbles are caused by hydrogen that 
precipitates out as the molten metal solidifies due to the dramatic change in solubility 
and by air that is entrained during high velocity flow of the molten metal during 
filling of the mold cavity. Shrinkage pores develop when the interdendritic flow 
of molten metal becomes blocked. The size of shrinkage porosity often depends 
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on solidification rate since dendrites are larger with slower solidification. Such pores 
can also be enlarged by trapped gas. Gas pores are usually fairly spherical in shape 
while shrinkage pores typically have more irregular and elongated shapes. 

Macroscopic porosity degrades both static and dynamic properties of the 
casting by reducing cross sectional area and by acting as internal stress risers 
and crack initiation sites. In addition, macroporosity can detract from functionality 
and/or appearance if it occurs on a critical surface or if machining or other finishing 
operations expose it. Also, porosity can be a potential problem if pressure tightness is 
a concern. 

4.2 Shrinkage Cavity 

A shrinkage cavity is a large irregularly shaped void in the solidified casting. This 
defect occurs when the supply of molten metal feeding a region of the casting is 
either depleted or is unable to flow sufficiently to compensate for solidification 
shrinkage of the alloy. Such defects typically occur in hot spots which are regions 
of the casting that cool more slowly than surrounding regions and are therefore 
cut off from a supply of molten metal. 

4.3 Misruns 

The term misrun is used to describe situations where a region of the mold cavity is not 
completely filled with metal. Misruns usually occur because the molten metal 
solidifies prematurely or is too thick or viscous to flow into a particular feature 
or region of the casting. For this reason, geometry related misruns usually occur 
in mold cavity cross sections that are too thin. 

4.4 Cold Shuts 

As molten metal fills the mold cavity, the liquid flow often divides into two or more 
streams as it flows around cores and other obstacles. Cold shuts occur when the 
portions of the metal flow rejoin but fail to fuse completely. Lack of fusion usually 
results because of premature freezing. Oxidation of the flow surfaces can also prevent 
complete fusion. 

4.5 Hot Tears 

A hot tear is a separation of the metal that appears as a tear or crack. Hot tearing 
occurs when the mold prevents the casting from contracting naturally as it solidifies 
and cools. Unyielding mold walls that constrain contraction of the cooling casting 
induce tensile stress in the casting. Tearing or cracking then occurs in regions where 
the tensile stress exceeds the strength of the solidifying material. Avoiding hot 
tearing is complicated by the fact that the solidifying alloy gains strength as it cools. 

4.6 Warping and Distortion 

Stress develops when thinner, less massive regions cool faster and therefore become 
stronger and more rigid than adjacent regions that are more massive and therefore 
slower cooling. This stress causes deformation that is “frozen in” as residual stress 
when the whole casting gains sufficient rigidity. Residual stress may cause warping 
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and other undesirable distortions of the cooled casting. Also, subsequent machining 
of the casting or other processing can relieve these stresses resulting in additional 
warping. 


4.7 Metallurgical Defects 

Metallurgical defects include inclusions of non-metallic particles, oxide films, and 
secondary phases that form during solidification. Inclusions are insoluble non-metal 
aggregates that are suspended in the liquid aluminum. They may form during 
solidification or before solidification begins. Also, in some expendable mold pro- 
cesses, they may also be washed off of the mold wall and/or introduced in other 
ways during the casting process. Inclusions act as stress concentration points 
and reduce dynamic properties. They can also be detrimental during machining 
by causing excessive tool wear and breakage as well as unacceptable surface defects. 

Oxide films, which form on the surface of the molten metal as it flows through 
the rigging system and fills the mold cavity, are similar to inclusions and are of 
particular concern in aluminum casting. If the film folds over on itself as a result 
of turbulent flow or “waterfalling,” the effects can be particularly damaging. 
Waterfalling occurs when molten metal falls to a lower level during mold filling. 

Secondary inclusions or second phases can form as the primary alloy phase 
starts to freeze causing the remaining liquid to progressively concentrate in various 
solutes. Like inclusions and oxide films, second phases act as stress raisers and 
can nucleate cracks if they have the proper size and shape. 


4.8 Mechanical Property Variation 

Mechanical properties such as yield and ultimate strength of the casting alloy may 
vary with location in the casting. This scatter in property values is often due to 
variation in solidification rate that occurs in different regions of the casting. For 
example, “chunky” regions of the casting will cool more slowly than thin, less 
massive regions. Regions that cool more slowly typically have courser grain struc- 
ture and therefore less strength than regions that cool more quickly and therefore 
have finer grain structure. Also, for long freezing range alloys (i.e. alloys whose 
constituent components solidify at significantly different temperatures), micro- 
segregation of the alloy composition may occur which can also result in variation 
of mechanical properties. Another source of variation is the presence of casting 
defects such as porosity. 

Uncertainties in casting strength can be of great concern in the design of 
safety-critical castings such as those used in automotive suspension components 
and in aerospace applications. In industries such as aerospace, these uncertainties 
are accounted for by using both statistical design allowables and a casting factor 
[1], The static strengths of alloys that can be used in airframes are given in [2] 
and are based on rigorous statistical analysis of strength testing data. The casting 
factor is used to increase the margin of safety: 


So = P/CF 


( 1 ) 
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where S D is the design strength, P is the design allowable, and CF is the casting 
factor. The value of the casting factor to be used in a particular casting design 
is determined by part criticality and inspection to be made on the casting. In addition 
to x-ray, penetrant and visual inspections, requirements may include periodic 
destructive testing and testing sample coupons. Inspection requirements become 
increasingly strict with decreasing casting factor. For example, the smallest casting 
factor that can be used in the design of a critical part is 1.25. Use of this CF value 
requires 100% visual, magnetic /penetrant and x-ray inspection of all castings plus 
destructive testing of three castings. A comprehensive discussion of casting factors 
is given in [3], 


5 GEOMETRY/MATERIAL/PROCESS INTERACTIONS 

Design related casting defects are caused by undesirable interactions that occur 
between the casting geometry (including the rigging system), the alloy, and the 
casting process. Understanding how casting geometry, the material in both its liquid 
and solid phases, and the casting process interact provides the insight needed to 
specify the best casting geometry from a function, form, and fabrication point 
of view. In the following, we explore several geometry /material/process interactions 
that are pivotal to good casting design. Many of the terms and discussion are based 
on [4]. For a more in-depth discussion of these topics, the reader is referred to this 
reference. 

5.1 Fluid Life 

Fluid life or fluidity refers to the ability of the molten alloy to fill the mold cavity, flow 
through thin narrow channels to form thin walls and sections, and conform to fine 
surface detail. In addition to temperature of the molten metal, fluid life also depends 
on chemical, metallurgical, and surface tension factors. Therefore, the fluid life of 
each alloy is different. For example, aluminum 356 is considered to have excellent 
fluid life whereas the fluid life of aluminum 206 is only fair to good. Misruns 
and related casting defects can be avoided by proper consideration of the fluid life 
of the particular casting alloy to be used. Fluid life determines the minimum wall 
thickness and maximum length of a thin section. It also determines the fineness 
of cosmetic detail that is possible. Hence, knowing that an alloy has limited fluid 
life suggests that the part should have softer shapes (i.e. generous radii, etc.), larger 
lettering, finer detail in the bottom portion of the mold, coarser detail in the upper 
portions of the mold, more taper leading to thin sections, and so forth. 

5.2 Solidification Shrinkage 

Shrinkage occurs in three distinct stages: liquid shrinkage, liquid-to-solid shrinkage, 
and solid shrinkage. Liquid shrinkage is the contraction of the liquid before 
solidification. Liquid-to-solid shrinkage or solidification shrinkage is the shrinkage 
that occurs as the disconnected atoms and molecules of the molten metal form into 
the crystals of atoms and chemical compounds that constitute the solid metal. Solid 
shrinkage is the shrinkage that occurs as the solid metal casting cools to ambient 
temperature. Although liquid shrinkage is important to the metal caster, it is 
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not an important design consideration. Solidification shrinkage and solid shrinkage, 
on the other hand, are extremely important and must be carefully considered during 
casting design. 

Different alloys have differing amounts of liquid-to-solid shrinkage (e.g. 
aluminum 356 has little shrinkage tendency while aluminum 520 has a large shrink- 
age tendency). Most importantly, there are three different types of solidification 
shrinkage: directional, eutectic, and equiaxed [4], In alloys that solidify directionally, 
solidification moves along predictable pathways determined by the casting geometry 
and thermal gradients in the mold. For example, solidification will typically begin at 
the mold wall and move perpendicularly toward the center of the part. This is called 
progressive solidification. Solidification will also begin in cooler regions where the 
mold surface area to metal volume ratio is large and travel toward the hotter regions 
of the casting. This is called directional solidification. The key is to configure the part 
geometry so that directional solidification can occur before progressive solidification 
shuts off the source of liquid metal supply (the riser). Without proper pathway 
geometry (e.g. risering and tapering), voids (shrinkage cavities) or pores due to 
isolated internal shrinkage can result. 

In eutectic-type solidification, the liquid metal cools and then solidifies very 
quickly all over. This behavior minimizes internal shrinkage and the need for risers 
and makes this type of alloy the most forgiving of the three. Eutectic-type materials 
that have very little solidification shrinkage often require no risering at all. As dis- 
cussed previously, risers are reservoirs of molten metal that continue to supply 
the casting with metal until it is completely solidified. The key geometric concern 
for eutectic-type solidifying alloys like aluminum 356 which have small but appreci- 
able solidification shrinkage is to ensure that the avenue of liquid metal supply stays 
open and functioning all the way to final solidification. 

In addition to solidifying both progressively and directionally from the mold 
walls, alloys that exhibit an equiaxed solidification behavior also begin to solidify 
throughout the liquid, forming “mushy” regions consisting of equiaxed islands 
of solid. These equiaxed islands can block the avenues of liquid metal supply making 
these alloys difficult to feed. One way to mitigate this effect is to decrease the length 
of the mushy zone by increasing the thermal gradient (e.g. increase the solidification 
rate by adding chills, etc). Alternatively, the casting can be designed to have small 
thermal gradients. In this approach, thermal mass is spread out and distributed 
uniformly throughout the casting. This causes the shrinkage to be distributed as 
microscopic pores throughout the volume of the casting. In both approaches, 
the effect on mechanical properties is greatly minimized by the small size, rounded 
shape, and uniform dispersion that result. 

Pure aluminum and short freezing range alloys that have a high percentage of 
aluminum will typically exhibit directional solidification behavior whereas eutectic 
alloys such as aluminum-silicon (11.6% Si) exhibit the desirable eutectic-type 
solidification. Long freezing range aluminum alloys, on the other hand, are more 
likely to exhibit equiaxed-type solidification. 


5.3 Solid Shrinkage 

Solid shrinkage is often called “pattern maker’s shrink” because the tooling must be 
properly sized so that the part will shrink to the desired final size and shape upon 
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cooling. Solid shrinkage is critical for two important reasons. First, the shrinkage 
must be predicted and then built into the patterns/dies and corebox dimensions. 
If this is not done correctly, then the tooling will need to be modified iteratively 
to achieve an acceptable production casting. This adds time and cost to the design 
cycle and introduces quality risk in the final product. Second, as the casting cools, 
it may not be able to shrink uniformly because some regions are stiffer than others. 
This can result in undesirable residual stresses and/or undesirable distortion and 
warpage. Creating casting geometry that makes shrinkage predictable and that 
avoids residual stress and warping is therefore highly desirable. 

5.4 Slag/Dross Formation 

Slag is typically composed of liquid nonmetallic compounds (usually fluxed 
refractories), products of alloying, and products of oxidation in air. Dross refers 
to non-metallic compounds produced primarily by the molten metal reacting with 
air. Aluminum alloys are quite sensitive to slag /dross formation and are therefore 
more likely to contain non-metallic inclusions. In addition to process and quality 
control techniques, part geometry can be used to dramatically reduce the likelihood 
of non-metallic inclusions. For example, because slag/dross are buoyant in 
aluminum, the probability of having an inclusion in a critical machined surface 
can be reduced by designing the part so that these surfaces are located in the lower 
portion of the mold. Similarly, the rigging system can be designed to control the 
amount of oxidation that occurs due to turbulent flow and entrained air and to avoid 
waterfalling. 

5.5 Fluid Flow 

Another key geometry /process interaction involves the flow of molten metal into the 
mold cavity. As mentioned previously, turbulent flow through gates and other chan- 
nels can effect the amount of oxidation and consequent dross formation that occurs. 
Another consideration is the force generated by the molten metal as it flows into the 
mold cavity and the turbulence of the flow in the cavity since both of these effects can 
displace cores and erode mold walls, especially sharp edges and high detail features. 
Steep thermal gradients can also arise due to fluid flow. If the flow separates to pass 
around cores and other features and the joins together again, weld lines (cold shuts), 
non-metallic inclusions, and other flaws can occur due to cooling and oxidation of 
the flow front. In order to minimize undesirable effects of fluid flow, the casting 
must be poured slowly. Unfortunately, this gives the molten metal more time to 
oxidize and increases process cycle time. Undesirable interactions due to fluid flow 
effects can often be reduced or eliminated by designing the casting geometry 
and rigging as a system. 

5.6 Heat Transfer Considerations 

The geometry must also be selected with an understanding of the heat transfer con- 
ditions involved. If the geometry is such that the heat cannot escape, a hot spot 
is likely to occur. For example, narrow peninsulas or tight corners of mold material 
surrounded by molten metal will get hot very quickly and as a result, solidification 
of the molten metal in these regions will be slower than surrounding regions. This 
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creates the possibility of “hot tears” or “shrinkage pulls” because the hotter material 
will have less tensile strength and is therefore less able to resist internal forces that 
develop due to solidification and solid shrinkage. Shrinkage cavities can also form 
because liquid metal supply paths close off before the material in the region of 
the hot spot is fully solidified. 

Just the opposite situation occurs when sharp corners or narrow peninsulas of 
molten metal are surrounded by mold material. In these cases, the molten metal 
cools and solidifies very quickly. This is generally a desirable situation. However, 
if cooling is too rapid, it can cause cold cracking due to stressing of the solidified 
skin or thin region by solidification shrinkage occurring at a slower rate in more 
massive adjacent regions. Also, difficult to machine or undesirable material proper- 
ties may result from to rapid cooling of some alloys. 


5.7 Geometry/Alloy Interactions 

It is important to note that each aluminum alloy has its own unique set of casting 
characteristics. In most cases, it is the combination of material properties possessed 
by a particular alloy that determines the most desirable casting geometry. For 
example, aluminum 356 has excellent fluid life, and more eutectic type than 
directional type solidification. This combinations of properties makes this alloy well 
suited for precision casting and permits fine detail and thin walls everywhere. 
However, although still relatively small, solidification shrinkage is significant 
enough to warrant consideration especially with respect to risering, section size, 
and feeding pathways. 

Aluminum 514 is at the opposite end of the spectrum. This alloy has relatively 
poor fluid life and large, directional type solidification shrinkage. This combination 
of material properties makes 514 less casting friendly. As a result, careful attention 
to casting geometry is essential. Because of its poor fluid life, fine detail and thin 
sections are difficult. Most importantly, because of its large solidification shrinkage, 
feeding of the casting is a great concern. Risers need to be large and the geometry 
must be carefully designed to ensure proper feeding of the casting. Also, because 
of its unfavorable combination of properties, aluminum 514 requires softer shapes 
(i.e. large radii, rounded shape, large lettering, no sharp detail) compared to casting 
friendly materials such as aluminum 356. 

Aluminum alloys, such as 356, exhibit good casting characteristics largely 
because of their relatively high silicon content. High silicon content is, in fact, 
the main difference between widely used aluminum casting alloys and other alumi- 
num casting alloys. The addition of silicon reduces the solidification temperature 
range and produces more eutectic type solidification. This improves castability 
by increasing fluid life and feeding and reducing hot tearing. Aluminum alloys 
having lower silicon contents (e.g. almost all of the alloys in the 2xx.x, 5xx.x, 7xx.x, 
and 8xx.x groups), on the other hand, exhibit much less friendly casting 
characteristics. Hence, geometry /material interactions for these alloys must be 
carefully considered during the early stages of design if sound castings that transition 
quickly into production is to be obtained. 
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6 ALLOY SELECTION 

Alloy selection is a pivotal determination that must be made early in the casting 
design. In many respects, alloy selection is just as important as the structural design 
of the casting since a good structural design may give unsatisfactory service if it 
is cast from an unsuitable alloy. As discussed in the previous sections, it is essential 
that the designer not only consider physical and mechanical properties when 
selecting a casting alloy, but also the casting process and foundry characteristics 
and how these are likely to interact with the detail geometry of the casting. Hence, 
alloy selection should be based on all of the following considerations. 

• The ability of the alloy to meet service and code requirements. 

• The suitability of the alloy for the casting process. 

• The size and complexity of the casting configuration. 

• The minimum section thickness required. 

• Heat treatment considerations. Will heat treatment be required? Or, can a 
self-aging or non-heat treatable alloy be used? 

It is the designer’s responsibility to select the alloy that will best satisfy these 
requirements. In most situations, some intelligent compromise must be made since 
it is unlikely that any one alloy will be able to satisfy all requirements equally well. 
However, with a good understanding of the needs of the design, together with knowl- 
edge of how the detail casting geometry, casting process, and alloy interact, it is 
possible to design the casting so that all demands are effectively balanced. Achieving 
this balance is the goal of good casting design. 


7 THERMAL POST-PROCESSING 

Aluminum castings may be further processed thermally after casting to improve 
mechanical properties and correct defects. 

7.1 Heat Treatment 

Heat treatment is used to modify or change the alloy structure and mechanical 
properties and is typically specified to provide one or more of the following benefits. 

• Improved mechanical properties 

• Internal stress relief 

• Improved dimensional stability 

• Improved machinability 

• Improved corrosion resistance 

In general, no one single time and temperature cycle will produce all of these ben- 
eficial effects, so, as with alloy selection, some intelligent compromise may be 
necessary. 

An aluminum alloy whose tensile strength is improved by thermal treatment is 
said to be heat treatable. Generally, alloys containing significant amounts of copper 
or magnesium are heat treatable. Alloys for which thermal treatment has no effect on 
tensile strength are termed non-heat treatable. However, even though heat treatment 
does not improve strength in these alloys, it can be used to improve other properties. 
In those alloys that are heat treatable, essentially two types of heat treatment are 
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possible: solution heat treatment and precipitation hardening (also referred to as 
aging). In non-heat treatable alloys, the heat treatment processes used are annealing 
and stress relieving. 

In solution heat treatment, the casting is heated rapidly and uniformly to a tem- 
perature as close to the melting point ofthe eutectic as possible (typically 800-1000°F). 
The casting is held (soaked) at this temperature for a specified number of hours and 
then quenched in hot water. Quenching is the rapid reduction in temperature of 
the casting to roughly 180°F. A uniform rate of quenching is required to prevent 
the development of localized areas of thermal stress and distortion. If straightening 
of the casting due to quench distortion is necessary, it should be performed as close 
as possible to the time of quenching (within 24 h or less) since the casting will typically 
gain strength as it ages, even at room temperature. In some cases, this completes the 
heat treatment. However, for the majority of castings that have been solution 
heat-treated, additional aging or precipitation hardening is required. 

Aging or precipitation hardening is the part of the thermal treatment that actu- 
ally increases the strength of the alloy under the influence of heat. The strengthening 
process, which is referred to as artificial aging, is carried out by heating the casting to 
some intermediate temperature (usually 300-500°F) and soaking it for a period of 
time (2h to three weeks depending on temper). It is important for the designer 
to know that some aluminum alloys will age naturally (natural aging ) at room tem- 
perature without the application of heat. Natural aging in service can result in a 
loss of ductility and dimensional stability. Also, some aluminum casting alloys 
can overage (overaging) if held to long at an elevated temperature resulting in a 
loss of tensile strength combined with an increase in ductility and dimensional 
stability. This is one of the reasons why the temperature of the service environment 
is an important consideration in aluminum casting alloy selection. 

There are several basic thermal treatments or tempers applied to castings. 
These are summarized as follows. See Chaps 2 and 5 for a more in-depth discussion 
of heat treatment. 

• F-Temper: as cast condition with no special control of thermal conditions 
in the process. 

• O-Temper: annealed condition. Applied to castings that have been heat 
treated to improve dimensional stability or ductility. 

• T4-Temper: solution heat-treated, quenched, and naturally aged. 

• T5-Temper: cooled from an elevated temperature and artificially aged. This 
temper improves mechanical properties and dimensional stability, 
especially for castings intended for high temperature service environments. 

• T6-Temper: solution heat-treated, quenched, and artificially aged. This 
heat treatment develops optimum mechanical properties and good ductility 
and dimensional stability. 

• T7-Temper: solution heat-treated, quenched, and overaged. Overaging 
improves the dimensional stability of the casting, but is accompanied 
by some reduction in tensile properties. 

The most desirable mechanical properties are obtained by use of both solution and 
aging treatment (T6 and T7). However, the feasibility of this thermal processing 
depends on the casting size and configuration, so it is important to plan on this 
processing in the design stage. 
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7.2 Hot Isostatic Pressing (HIP) 

In some applications where fatigue failure and/or pressure tightness is a concern, it is 
desirable to have essentially 100% of theoretical density. In hot isostatic pressing, the 
casting is placed in a pressure vessel (autoclave) and an inert gas (e.g. argon) is 
introduced. The gas is then heated to increase its pressure and to put pressure 
on the casting. The heat also softens the casting allowing internal voids to collapse 
under the pressure. If the HIPing is performed properly, no residual voids will 
remain in the material except for surface connected porosity. This type of porosity 
cannot normally be healed by HIPing and must be weld repaired. Also, if the 
porosity is relatively large, HIP will form small dimples on the surface of the casting 
that may also require weld repair. Because HIPing is a thermal process (as well as a 
pressure process), it can modify the microstructure and hence the casting properties 
if not carefully planned and performed. HIP treatment is relatively inexpensive 
and has made it possible to use alloys that do not solidify pore free (e.g. long freezing 
range equiaxed alloys) in fatigue-critical and other high-integrity applications. 

7.3 Weld Repair 

Weld repair is a common practice for filling surface connected porosity, post-HIP 
surface depressions, and other defects such as cold shuts. In general, a casting 
may not be welded without permission of the customer. Therefore, to simplify weld 
repair, the designer should clearly specify the maximum size, number and location 
of possible defects that could be repaired by welding. Most importantly, areas where 
welding is not allowed should be clearly specified. It is also very important for the 
designer to fully understand how the welded area will influence mechanical proper- 
ties such as fatigue resistance and ultimate strength. Repair welding should be 
performed prior to any heat treatment and final non-destructive testing. 


8 TOOLING CONSIDERATIONS 

In casting, tooling is used to create the mold cavity and cores and to hold the whole 
package together so that molten metal can flow and solidify to form the cast part. 
The tooling differs considerably however, between permanent and expendable mold 
casting. In permanent mold casting processes, the tooling consists of a steel or cast 
iron mold (or die) and moving and non-moving steel cores. In expendable mold 
casting, tooling is used to shape the cavity (pattern) or to form the pattern 
(investment casting). Tooling is also used to mold cores that are placed in the cavity 
to form undercuts and internal features. 

Tooling is also similar in many respects. In all cases (both expendable mold and 
permanent mold), the mold is divided into two halves so that the final casting, core, 
or pattern can be withdrawn (Fig 3). When the mold halves close, the core and cavity, 
or two cavities meet, producing the air space into which the molten aluminum alloy 
flows (Fig. 3(a)). From the inside, the mating junction between the mold halves 
appears as a line. This line also appears on the casting and is called the parting line 
ox parting plane. Similarly, all surfaces that are perpendicular to the parting plane 
must be tapered in the direction of mold opening so that the solidified casting, core, 
or pattern can be withdrawn easily from the mold. This taper, which is commonly 
referred to as draft, allows the molded part to break free by creating a clearance 
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Upper Mold Half 



(a) Mold Closed (b) Mold Open (c) Draft on Cast Part 

Figure 3 The mold is divided into two halves so that the final casting, core, or pattern can be 
withdrawn, (a) The mating junction between the mold halves defines the parting plane; (b) 
Draft provides ejection clearance upon mold half separation; (c) With draft, walls and other 
features cannot be exactly perpendicular to the parting plane. 


as soon as the pattern starts to be withdrawn or the mold starts to open (Fig. 3(b)). 
Any feature that prevents the mold from opening or the pattern from being 
withdrawn is referred to as an undercut. In permanent molds that are mechanized, 
side action (camming) is used to move a core so that the mold can open and/or 
the part ejected (Fig. 4). In expendable molds and semi-permanent casting processes, 
manually placed sand cores are used. In all cases, cores are expensive and introduce 
complexity and quality risk into the process. 

Detail geometry of the cast part determines, to a large extent, cost of the 
tooling as well as time and effort required to design and construct the tooling. 
In the following, we explore how casting geometry impacts tooling design and con- 
struction for several major casting processes. 


8.1 Tooling for Sand Casting 

Tooling for sand casting processes can be made in many different ways depending on 
the detail geometry of the part and on cost, quality, and lead-time requirements. 
Major decisions include the fabrication method, material, and tooling approach 
to be used. Traditionally, patterns and core boxes have been manually fabricated 
from handcrafted prototypes of clay, wood, plastic or other materials. This time 
consuming process can now be performed using CNC machining processes to gen- 
erate the tooling by removing material from a starting workpiece (subtractive 
process) or by using one or more FFFF (Fast Free Form Fabrication) processes 
to generate the tooling by building it up one layer at a time (additive process). 

FFFF methods can be used in a variety of different ways to facilitate the rapid 
fabrication of foundry tooling for different casting processes (Fig. 5). Layered Object 
Manufacturing (LOM) and StereoLithography are typical of the several FFFF pro- 
cesses that are commonly used for rapid tooling. In the LOM process (Fig. 6), 
the part or tool is built-up by laser cutting sheets of paper in the shape of the part 
cross-section and stacking and gluing the sheets together to form the 
three-dimensional part. In StereoLithography, the layers are created by using a laser 
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Figure 4 In die-casting and mechanized permanent mold casting, undercuts that prevent 
mold opening require core slides. 
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Figure 5 Using FFFF processes to fabricate foundry tooling for casting presents a myriad 
of possibilities. 


to selectively photo cure a special kind of resin, called a photopolymer, that has the 
property of turning solid under the influence of certain wavelengths of light. For 
the shape of each slice to be known, FFFF processes must be computer controlled 
using a CAD solid model representation of the part geometry. FFFF methods 
can greatly reduce tooling lead-time and cost, however it may also introduce 
additional error. For example, the LOM process requires tessellation of the solid 
model and smoothing and sealing of the finished tooling (Fig. 6). See [5] for further 
discussion of rapid tooling methods. 

With the addition of rapid tooling as a pattern fabrication method, there are 
three basic categories of fabrication methods to consider: manual, FFFF, and 
CNC machining. Each of these categories has a range of choices. For example, there 
are several FFFF processes that might be used depending on the capability of the 
particular pattern shop involved. In addition to patterns, core fabrication must also 
be considered. Cores can be fabricated directly or molded using a core box. 
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Figure 6 LOM based rapid tooling process for sand casting. 


Typically, a core box would be used when higher production quantities are required. 
Like patterns, either the core itself or the core box can be fabricated using manual, 
CNC machining, or FFFF methods. 

Sand casting tools can generally be fabricated from a large variety of different 
materials. Frequently used materials for reusable patterns include mahogany or 
other wood, urethane plastics, synthetic materials, metals and FFFF materials. 
Mahogany and other woods are particularly well suited for manual fabrication 
because they are easy to work with. Urethane plastic offers high quality and strength. 
Synthetic materials such as renboard are popular because of their durability and 
machineability. Metals (mainly aluminum and steel) are used when long tool life 
is a concern. FFFF materials range from polymer, paper, nylon, ABS plastic, wax, 
etc. depending on the particular FFFF processes used. 

The tooling approach relates to the way the mold cavity is created. Commonly 
used tooling approaches include single or loose patterns, gated patterns, match-plate 
(mounted) patterns, and cope and drag (top and bottom) patterns. A loose pattern is 
essentially a model of the cast part that incorporates the allowances and core prints 
necessary for producing the casting. Such patterns are generally made of wood, 
but can also be made of metal, plaster, plastic, wax, or any other suitable material. 
Relatively few castings are typically made from any one loose pattern since hand 
molding is practiced and the casting production is slow and costly. The parting sur- 
face may be hand formed and gating systems are hand-cut in the sand. Drawing 
the pattern from the sand, after rapping it to loosen it from the sand, is also done 
by hand. As a result, dimensional accuracy of the casting can vary from casting 
to casting and is generally not very good. Loose patterns are best suited for 
producing prototype castings. Gated loose patterns are an improvement on ungated 
loose patterns. The rigging system is included as a part of the pattern to eliminate 
hand-cutting of these features. This type of pattern can produce small quantities 
of castings with a more rapid molding cycle. 

In a match-plate pattern, the cope and drag portions of the pattern are mounted 
on opposite sides of a wood or metal plate conforming to the parting line. Rigging 
systems are almost always attached to the plate. Match-plate patterns are typically 
used with some type of molding machine and are capable of producing large quan- 
tities of small castings. This type of pattern has improved dimensional accuracy 
and higher production rates compared to loose patterns. 
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In the cope and drag tooling approach, cope and drag portions of the pattern 
are mounted on separate plates. This greatly increases the production rate by 
allowing the cope and drag halves of the mold to be made separately on different 
molding machines. Separate cope and drag plates are costly, however. Also, cost 
is increased because the separate pattern plates require accurate alignment of 
the two mold halves by means of guide and locating pins and bushings in flasks. 

In practice, each tool build approach has its own set of advantages and 
disadvantages. Generally, the dimensional accuracy, tool life, and production rate 
increase as the selected tooling approach moves from loose patterns to cope and 
drag plates. But tooling fabrication time and cost also increase. Hence, the tooling 
approach selected will generally depend on the production volume required in 
addition to dimensional accuracy and lead-time. 

Cost, lead time, and quality (e.g. tolerances) of sand casting tooling depends on 
the fabrication method, tool material, and tooling approach selected. These 
decisions, in turn, depend to a great extent on the detail casting geometry involved. 
Often, minor geometry decisions can inadvertently eliminate low cost and/or time 
efficient options from consideration. When possible, the designer should work 
closely with the foundry and tool builder early in the casting design process to insure 
that detail geometry decisions do not unnecessarily constrain tooling choices. 

8.2 Tooling for Investment Casting 

Investment casting offers tremendous design freedom. Complex shapes that would 
be too costly to machine can be produced quickly and economically as investment 
castings. From a design perspective, it is important to remember that the pattern 
for investment casting is injection molded. The designer should therefore observe 
good design for injection molding practices. These include well-located, straight 
parting line, generous draft, avoidance of undercuts, and the use of generous fillets 
and radii wherever possible. The molds for making the wax patterns can be fabri- 
cated in a variety of ways such as those discussed for sand casting. Therefore, 
as in sand casting, the designer should strive to avoid making geometry decisions 
that constrain tooling options unnecessarily. 

8.3 Tooling for Permanent Mold Casting 

Permanent casting molds are generally made of cast iron and are frequently coated 
with a layer of sodium silicate and clay or other insulating material. The molds 
are typically preheated to 150-200°C prior to pouring. Auxiliary water cooling 
or radiation pins may be used to cool heavy sections. Proper venting of the mold 
cavity is essential to avoid misruns. Only simple part geometry is suitable for per- 
manent mold casting. If complicated coring is necessary, then semi-permanent molds 
that use sand cores should be used. Draft and parting line selection are also key 
design considerations. 

8.4 Tooling for Die Casting 

Die casting involves the high pressure injection of molten metal into a split metal die. 
Tooling for die casting is very complicated and therefore costly, even for simple 
shapes. Very high metal injection pressures (up to 69 MPa) must be withstood 
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for many thousands of cycles. Large dies are commonly cooled by channeling water 
behind heavier sections and through cores. The solidified part is ejected after the 
die opens by ejector pins that bear on the casting face. Following the molding pro- 
cess, the casting is trimmed using a hardened steel trimming die shaped to match 
the cast shape. Trimming typically involves the removal of in-gates, gates to overflow 
pads, parting line flash, and flash in cored holes and openings. The following general 
considerations are important in creating detail geometry of the die cast parts. 

1. Coring: Undercuts that prevent die opening and/or part ejection require 
core slides (Fig. 4). This adds cost and complexity to the die and can 
increase cycle time for the process. 

2. Draft: Draft is required to get the part out of the die and off of cores. 
Therefore, walls and other details cannot be perpendicular to the parting 
line unless expensive core slides are used (Fig. 3). 

3. Part Ejection: After a part has been cast, it must be removed from the die. 
Typically, the part is mechanically ejected by ejector pins or by more costly 
options such as ejector sleeves or rings. Ejector pin location can be critical 
and should be carefully chosen to avoid stress concentration, poor appear- 
ance (ejector pins can leave unsightly marks on the part ), and distortion of 
the part. Also, ejection is facilitated by generous draft, which decreases 
ejection force and helps avoid ejection problems. 

4. Die Modification: In die casting, air and die lubricants often become 
entrained and trapped in the solidified casting due to the high injection 
velocities and solidification rates employed. This results in microporosity 
and uncertain mechanical properties that may not be predictable 
beforehand. When this is the case, it may be necessary to modify the 
die after it has been hardened. Ribs and other similar features can be incor- 
porated into an existing hardened die by using electrical-discharge- 
machining techniques. When the use of ribs to strengthen the casting is 
a consideration and mechanical properties are uncertain, it may be better 
to under design initially, test sample castings, then add strength if necess- 
ary by removal of die steel until the optimum combination of mechanical 
properties and casting material conservation is achieved. This is preferable 
to over designing and having to lighten the die casting later by welding the 
die, which is a costly and life-limiting procedure. It should be noted that 
“test and fix” approaches should be avoided where possible by observing 
good casting design practices, computer simulation and an effective con- 
current engineering design process. 

5. Concurrent Engineering: After being machined, the dies must be hardened 
by heat treating, which makes subsequent alterations difficult. Therefore, 
the die caster should be involved early in the design process and agreement 
with the die caster on the producibility of the finalized best design should 
be obtained before the die is designed and fabricated. 


9 DESIGN RELATED COST DRIVERS 

The cost of a casting is determined by its size, configuration, and detail geometry. 
Size and configuration are usually dictated by the functionality and service require- 
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ments of the part. Given these requirements, the casting designer must specify suit- 
able detail geometry that satisfies these requirements at the lowest possible cost. 
Design related cost drivers are detail geometry design decisions that strongly effect 
the cost to design, tool, and produce the casting. Important design related cost 
drivers for casting include the following: 

• Parting line 

• Amount of draft 

• Number and complexity of undercuts 

• Number, size and complexity of separate cores 

• Section shape (e.g. junctions, ribs and webs, holes and pockets, bosses and 
pads) 

• Casting tolerance 

• Trimming 

• Secondary processing (e.g. machining, heat treating, surface treatment, 
etc.) 

The major sources of cost for most casting processes include tool cost, material 
cost, and production cost. Unit cost for a casting is given by the following expression: 

Cost/Part = V C M + ^ (2) 

where Cj = total non-recurring tooling cost ($) 

C M = material cost ($/in 3 ) 

Ch = machine cost including labor and recurring tooling expenses (S/hr) 
Cd = total development cost ($) 

N = lifetime number of good castings made using the tooling 

V — total material volume including rigging system (in 3 ) 
tcyde = cycle time to cast, trim, and finish one casting (hr) 

Y = process yield (usable parts IN) 

It is important to note that Eq. (2) is very comprehensive in that it includes all 
the costs associated with each cost source. Tooling cost for sand casting, for 
example, would include the cost of the pattern and core boxes, the cost of trimming 
dies or other finishing tools, the cost of machining fixtures, and so forth. Similarly, 
cycle time includes all of the cycle times associated with making the casting. For 
sand casting, this includes the cycle time for forming the mold cavity, molding 
the cores and placing them in the mold cavity, readying the mold for pouring 
and pouring the casting, cooling and breaking it out, trimming the rigging system, 
performing finishing and inspection operations, and setting-up and finish machining 
the casting. Cycle time also includes material handling time and other 
non-value-added time. Likewise, the machine cost and process yield corresponding 
to each cycle time is used in the production cost calculation. Finally, it should 
be noted that development cost includes all of the engineering cost associated with 
designing and testing the casting including design revisions and tooling changes. 

Equation (2) clearly indicates what should be done “by design” to reduce cost: 
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• Design to minimize tooling cost 

• Design to minimize material cost 

• Design to minimize cycle time 

• Design to maximize process yield 

• Design to minimize development cost. 

Achieving these objectives requires an understanding of how the design related cost 
drivers influence total cost. How each design related cost driver effects cost is dis- 
cussed as follows. 

Parting Line. The parting line establishes many aspects of both the part 
geometry and the process. The parting line choice effects the length, width, and depth 
of the mold halves which essentially establishes the pattern size and shape and the 
complexity and cost of the mold. In die casting and other pressure fed casting pro- 
cesses, the projected area established by the parting plane determines the clamping 
force required and therefore the size of the casting machine. This in turn effects 
tooling cost, machine cost, and to a lesser extent cycle time. To minimize part cost, 
the parting line should be selected very early in the design process. The goal should 
be a parting line that keeps tool complexity to a minimum. A planar parting line 
is preferable to a non-planer parting line. Also, when possible, a parting line that 
places the whole part in one mold half can greatly reduce tool cost and alignment 
and registration requirements across the parting line are avoided. The parting line 
can also be an important constraint if FFFF or CNC pattern building methods 
are being considered. 

Draft. Generous draft is highly desirable for low part cost. Minimal draft, 
especially when combined with deep draws, increase tool cost because tooling 
surfaces become more critical and special surface treatments may be necessary. 
This increases cycle time and tooling cost. Minimal draft increases cycle time 
in permanent mold casting because the casting must be stronger and therefore 
cooler before it can be reliably ejected. It also increases cycle time in expendable 
mold casting because more care must be exercised in withdrawing patterns and 
so forth. Yield may also be adversely effected when difficult part ejection or pattern 
withdrawal results in damaged parts or molds. A difficulty that is commonly 
encountered when applying draft to a part is the creation of unacceptably heavy 
walls. One remedy is to use parallel draft which allows the wall sections to be kept 
uniform (Fig. 3(c)). 

Undercuts. Anything that can be done to avoid undercuts or reduce their com- 
plexity will reduce tooling cost and development time. In die casting, undercuts 
require moving cores, which greatly increases tooling cost. Moving cores can also 
increase cycle time since the cores must move before the mold can open and/or 
the part can be ejected. The best way to avoid undercuts is to select the parting 
line wisely. In addition, it is often possible to design so undercuts can be created 
using simple tooling without the need for expensive side actions (Fig. 7). 

Separate Cores. In sand casting and permanent mold casting, separate cores 
must be placed in the mold cavity before each part is cast to produce internal 
features. Expendable cores must be molded using core boxes which increases cost 
and cycle time. The designer should therefore strive to eliminate separate cores 
whenever possible. This is especially true for long, thin, and small cores, which 
can cause core and casting scrap. As always, judgment is required however, since 
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Figure 7 In some situations, a hole or depression in the side wall of a part can be cast 
without the need for side action cores. 


coring may be desirable if it makes it possible to provide sections of uniform 
thickness or helps to minimize machining. 

Section Thickness. Castings are composed of various geometrical features that 
integrate together to define the overall shape and functionality of the casting. Each 
section feature, such as walls, junctions, ribs and webs, holes and pockets, bosses 
and pads, and so forth, involves a wall or section thickness. Elence, just about every 
aspect of the casting appearance, functionality, quality, and manufacturability 
relates to, affects or will be influenced by the section thickness selected for individual 
casting features. From a cost standpoint, it is safe to say that section thickness 
impacts all of the cost sources in one way or another. The most obvious is material 
cost since section thickness directly effects the material volume of the casting with 
less volume, and therefore less material, being more desirable. Also, less material 
results in faster cooling and potentially shorter cycle times. At the same time, thinner 
sections require longer fluid life, more injection pressure, and/or time to fill the mold. 
If the section is too thin, yield may be adversely effected because flow is restricted and 
the part will not fill out properly (e.g. misruns). Also, in die casting, high injection 
pressure can result in flash or highly stressed parts. In addition, thinner sections 
can require more mold detail and closer core /cavity alignment and fit which will 
increase tooling cost. Thick sections, on the other hand, cool slower, shrink more, 
and have more risk for sink marks and shrink cavities. They also are more difficult 
to feed and are therefore more likely to contain porosity. This is especially true 
for long freezing range equiaxed-type alloys. Hence, in addition to increasing 
material cost, unnecessarily thick sections can also decrease yield and increase cycle 
time. 

Shrinkage occurs as the molten alloy cools in the mold cavity to form the 
solidified casting. Since thin sections cool and contract more rapidly than thick 
sections, stress can be induced when thick sections that are adjacent to thin sections 
constrain shrinkage of the thin section. As a result, the thin sections may tear to 
relieve the stress, or they may deform plastically without tearing. If they do not 
tear, warpage and shape distortion can occur when the casting is removed from 
the mold. Varying section thickness, therefore, introduces a quality risk that can 
be avoided by employing a uniform wall thickness everywhere in the casting. By 
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using a uniform wall thickness, thermal mass, and therefore shrinkage, is the same 
everywhere. 

Tolerance. Tight dimensional and form tolerance specifications increase 
tooling cost and reduce cycle time and yield. This is because there are many hard 
to control factors associated with casting processes. For example, in sand casting, 
equipment, metal, and sand can vary from lot to lot and foundry to foundry. Metal 
temperature, cooling time, and cooling conditions can vary. This, together with 
slight differences in core placement, mold hardness, shrinkage, internal stress, 
and so forth, introduce additional hard to control part to part variation. In addition, 
tight tolerances require more precise tooling, close process control, and often 100% 
gaging with resulting scrap. Therefore, whenever possible, component tolerances 
should be relaxed as much as possible. Also, where possible, the part should be 
designed so that critical dimensions do not cross the parting line to minimize 
positional accuracy required between mold halves. 

Trimming. After the solidified casting has cooled to room temperature, the 
rigging system together with any flash and remaining gate and riser material must 
be removed. This is a time consuming (especially if performed manually) and costly 
(especially if trimming dies and other tooling is used) process. The rigging system 
also adds material cost and material handling cost. The need for trimming can 
be reduced by designing the casting so that a minimal number of risers and gates 
are needed and by designing so that the gate and riser contacts can be located 
in non-critical easy to access areas. Also, locating gate and riser contacts so they 
don’t interfere with machining fixture targets will reduce trimming time, the cost 
of the fixture, and possibly machining cycle time because the fixturing will be easier 
and more consistent. 

Secondary Processing. Many castings are heat-treated, finish machined, 
anodized, plated, painted, stress relieved, and so forth after casting. It is important 
that requirements and constraints imposed by secondary processing be considered 
early in the casting design. Often, the most effective way to do this is to involve 
experts in these processes early in the design before irreversible design decisions have 
been made. 


10 CASTING DESIGN GUIDELINES 

Casting design involves the specification of the overall configuration (i.e. overall 
shape and arrangement of features) of the casting as well as the detail geometry 
of the various features that comprise it. The goal of casting design is twofold: 
(1) satisfy the functionality and service requirements of the application; and (2) 
specify a casting configuration and detail design that results in low cost, high 
inherent quality, and short lead time. Both of these goals must be achieved if 
the casting is to be successful. Key design consideration include: 

• What casting design will maximize economy and ease of the chosen process? 

• What casting design will maximize the strength of the casting? 

• What casting design will minimize the weight of the casting? 

• What casting design will minimize stress in the mold and avoid tearing and 
cracking during solidification? 
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• What casting design will best facilitate proper positioning of gates, risers, 
and chills to insure soundness of the casting? 

• What casting design will best establish and control solidification? 

• What casting design will best facilitate secondary processing such as heat 
treatment and machining? 

Specifying the best overall configuration, geometrical layout of features, and 
detail dimensions and tolerances that balances these considerations is the essence 
of casting design. This section presents a variety of guidelines for casting design 
that are based on a broad synthesis of the many aspects of casting design discussed 
in the previous sections. The guidelines are generally applicable to all alloys and 
casting processes. However, when applying the guidelines, the designer must con- 
sider particular geometry /alloy /process interactions that may be unique to a given 
alloy and process combination. In some instances, these interactions may dictate 
geometry decisions that differ appreciably from the guidelines presented here. 

Use a Concurrent Engineering Approach. Finding the most appropriate bal- 
ance between the many considerations that influence casting design requires close 
collaboration between the design engineer and the foundry. It is therefore strongly 
recommended that, as a minimum, the designer (or buyer) consult with the foundry 
and tooling engineer before developing the final design. Preferably, a concurrent 
engineering approach such as that discussed in Sec. 1 1 is recommended. 

Design for Strength and Stiffness. The strength and stiffness of the casting will 
be maximized by locating material where it is needed while avoiding unnecessary 
bulk and weight (Figs 8 and 9). For example, if the casting is subjected to bending, 
then ideally the section modulus (z = 7/c) at each section should be adjusted so that 
deflection is within specification and the maximum stress is equal to the allowable 
design strength of the chosen alloy. In general, configuration designs that utilize 
continuously varying section geometry to take full advantage of material properties 
are preferred since these configurations tend to minimize weight and also fully lever- 
age the advantages of the casting process. This practice, which is often referred to as 
shape optimization, has been greatly facilitated by the development of powerful 
engineering workstations and solid modeling software that significantly enhances 



Figure 8 Weight comparison for beam cross sections having equal deflections. Note that W 
equals the weight of the beam having the 1 x 1 cross section and that the length and loading for 
each beam is identical. 
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Figure 9 The area moment of inertia (/) of the four beam cross sections shown illustrate the 
importance of metal distribution on the load carrying capacity of a beam. All four sections 
have the same area and weight, and all except the round shape have the same width and 
height. Also, Ixx = Iyy for all four cross sections. Note that the cross and round sections 
have only about 50% of the rigidity of the I-beam and the heavy concentration of metal 
in the central area of these sections makes them more susceptible to shrinkage cavities. 


the engineer’s ability to visualize complex three-dimensional geometry and to 
analyze stress levels and deflections of complex three-dimensional shapes. As has 
been discussed previously, an assortment of defects including variation in mechan- 
ical properties may occur as the result of hard to control factors that influence 
the casting process. The use of experimental methods (e.g. photo-elastic, brittle 
coatings, etc.) to help verify the design of more complexly shaped castings, especially 
those that involve load or deflection critical applications is generally recommended. 

Minimize Casting Weight. Minimizing the weight of the casting minimizes 
material cost. It also helps to reduce the cost of material handling during production 
of the casting as well as during subsequent machining and assembly. In addition, 
lighter weight castings reduce energy costs throughout their life cycle. Weight of 
the casting can be reduced by (1) designing the casting for strength and deflection 
as discussed previously; and (2) by utilizing a minimum uniform wall thickness 
everywhere in the casting. Typical minimum wall thickness for investment casting, 
premium sand casting, and conventional sand casting are 1.5 ± 0.15 mm, 1.8 ± 
0.4 mm, and 2.5 ± 0.5 mm, respectively [6]. There are a variety of design approaches 
that facilitate the use of thinner walls. For example, the use of ribs enables the 
foundry to produce thinner walls (Fig. 10). Similarly, increasing section depth allows 
the use of thinner walls (Fig. 8). 

Use Casting Process Simulation. In casting process simulation, comprehensive 
modeling of the intended production process is performed in order to determine the 
size and shape of sprues, runners, gates, and risers. A variety of software for 
performing this type of simulation is available. In addition, methodologies have been 
developed to understand and predict the size and location of process related defects 
(microporosity, etc.). Using these methodologies, the rigging system design can 
be varied in the foundry system simulation to evaluate how defect size and location 
are to be controlled and/or eliminated. Using computer simulation early in the 
design process can greatly reduce the amount of “guess work” involved in specifying 
cost effective and functionally acceptable casting geometry. Computer based casting 
process simulation offers two important advantages: (1) design iterations and 
“what-if ’ analysis are much easier to perform; and (2) the “physics” engine under- 
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Figure 10 Depending on design considerations, ribs may be cast in many different con- 
figurations as illustrated by the two examples shown here [6]. 


lying the simulation software provides a consistent and predictable science base for 
casting design. This allows the casting geometry and rigging system to be specified 
and optimized as a coordinated system. Most importantly, it allows evaluation 
of the overall design before tools are cut and the design is irreversibly committed 
to hardware. When used properly, the result is a substantial reduction in design 
time and tooling iterations. It is extremely important to note however, that the 
use of casting process simulation software is not, in itself, a viable substitute for 
early input of experienced tooling and foundry engineers. Rather, it is a very power- 
ful tool that helps leverage and assist the concurrent engineering approach. 

Design for Casting Soundness. Hot spots, which cause shrinkage defects and 
hot tears, result when the casting geometry interacts in undesirable ways with 
the solidification process. To avoid hot spots, the geometrical layout of the casting 
must insure an ample supply of molten metal to feed shrinkage throughout the 
solidification of the casting. The following guidelines represent preferred practice 
for most casting design situations. However, it is extremely important that the 
designer also considers specific interactions and implications that are unique to 
the particular combination of alloy and casting process being used. 

1. Design for uniform wall thickness. Shrinkage cavities will form in heavy 
sections that are fed by light sections because the light section will freeze 
and cut off the supply of molten metal. When heavy sections cannot 
be avoided, then risers or other costly foundry remedies such as chilling 
must often be used. A far preferable approach is to avoid heavy sections 
by designing the casting to have a uniform wall thickness (Fig. 11). In 
addition to helping to prevent hot spots, uniform wall thickness also helps 
prevent undesirable residual stress and warping of the casting. Most 
importantly, uniform wall design tends to minimize casting weight. 

2. Taper or flare sections toward risers. Tapering the geometry toward the 
source of molten metal helps direct and control the solidification front 
so that it progresses from the cooler region into the hotter region thereby 
insuring an ample supply of molten metal at all times. This practice is 
of particular importance for alloys that tend to solidify directionally. 
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Feasible 



Preferred 


Figure 11 Component redesigned to reduce section thickness and provide a more uniform 
wall thickness, eliminating hot spots and shrinkage effects, reducing component weight, 
and reducing production cycle time (thin sections cool faster). 



Figure 12 Avoid both too small and too large radii at the intersection of sections. 


3. Avoid isolated hot spots and sharp internal corners. As a general principle, 
the corners of all intersections and junctions should have fillet radii. The 
size of the fillet radii used must often strike a balance between stress con- 
centration and the possibility of a hot spot (Fig. 12). If the corner is 
too sharp (i.e. the fillet radius is to small), the flow of molten metal during 
filling will be inhibited and high stress concentration due to the small fillet 
radius can cause cracking during cooling or use of the casting. Conversely, 
if the fillet radius is made too large, isolated hot spots can occur because the 
metal mass at the intersection will be larger than the features that are 
joined. The casting designer should therefore specify corner radii that 
are neither too large or too small to insure that both of these undesirable 
effects are avoided (Figs 13 and 14). Often the best choice will depend 
on the particular alloy. For example, alloys that exhibit little solidification 
shrinkage are typically not sensitive to junction design [4], 

Design to Avoid Hot Tears and Distortion. As the casting solidifies and cools, 
it shrinks. If the mold walls and/or cores inhibit or constrain this shrinkage, internal 
stress will develop (Fig. 15). This can result in hot tearing or cracking if the stress 
exceeds the strength of the alloy or the stress may be “frozen in” as residual stress 
causing distortion and warpage of the casting when it is removed from the mold 
and/or when it is machined. Similar effects will occur if different sections of the 
casting cool at different rates or if the distribution of metal is asymmetric (Fig. 16). 
The best way to avoid hot tears and distortion is to avoid asymmetrical distributions 
of metal and to use a uniform wall thickness everywhere. When this is not possible, 
transitions to different section thickness should be carefully designed so that the 
degree of constraint imposed on the solidifying casting is minimized (Fig. 17). 
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Equal Walls Unequal Walls 



Preferred Preferred 


(a) "L" Junctions 



Preferred Preferred 


(b) "T“ Junctions 



Preferred Preferred 


(c) 90 0 Intersection 

Figure 13 Detail junction design. Recommended values for r, R, H , and X typically fall in 
the following ranges: 0.5r < r <t, 0.3 T < R < 0.5 (t + T), 0.3 T < H < 0.5(r + T), and 
3 T < X < AT. The actual best values to use ultimately depend on requirements of the appli- 
cation and on the particular alloy and casting process being used. 


Design for Metal Flow. Misruns and cold shuts occur when the molten metal 
solidifies prematurely in cross-sections that are too long and narrow or that are 
too thin. Minimum section thickness for castings are a function of the alloy com- 
position, size, and configuration of the part. A casting is designed for metal flow 
by properly considering the fluid life of the alloy. Alloys having poor or fair fluid 
life require thicker sections than those having good to excellent fluid life. 
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Better 


Figure 14 Avoid narrow peninsulas of mold material and sharp internal corners to avoid 
hot tears and cracking. 



Avoid Better 

In-line ribs may cause Staggered ribs reduce 

cracks and distortion. danger of cracks and distortion. 


Figure 15 Staggered ribs reduce distortion caused by thermal contraction, reduce metal 
mass in local areas, and minimize the possibility of hot spots. 


Design for Low Foundry Tooling Cost. The number of foundry tools and the 
number of operations required to make each piece of foundry tooling are directly 
determined by the casting design. Similarly, the number of operations required 
to make the molds and cores and assemble them for casting is determined by 
the casting design (Fig. 18). Therefore, every opportunity should be taken to mini- 
mize casting complexity and promote ease of fabrication while the design is in 
the very early stages of development, when conceptual maneuverability is wide 
and the design is easily changed. 

Design for Heat Treatment. Guidelines for achieving a heat-treatment friendly 
casting design include the following: 
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Preferred 


Figure 16 Avoid asymmetrical distribution of metal since this can cause distortion, 
especially in long castings. 


Avoid 



- X 







Preferred 

Figure 17 If a heavy section is unavoidable, transition to thinner sections should be blended 
over a significant length, preferably by using a smooth parabolic arc. Recommended values for 
R and X are: 0.3T < R < 0.5(r + T) and 3 T < X < AT. The designer should consider the 
characteristics of the alloy and casting process as well ad the requirements of the application 
to select the best value. 
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Figure 18 External and internal undercuts can be readily cast, but such features require 
sand cores, loose pieces, collapsible cores, moving cores, or complex parting planes. Using 
any of these increases tooling and production costs. Whenever possible, no cores or simple 
cores with core pull direction normal to the parting plane is preferred. 


• Provide flat surfaces of ample size to support the casting in the furnace. 
Avoid large thin walls and irregular contours that have no flat surfaces. 
Castings that are difficult to support will distort during the high tempera- 
ture treatment. 

• Avoid large areas of relatively thin and unsupported walls, as these are 
likely to sag out of shape or position. 

• Avoid relatively long and thin shapes, especially those with unequal walls 
and unsymmetrical metal distribution (Fig. 16). Such shapes will require 
supporting racks to prevent bending and can also warp during quenching. 
Although straightening operations may correct this, straightening is costly 
and may cause small hard-to-find cracks. 

• Avoid sudden and drastic variations in wall thickness. Such features can 
introduce severe residual stress as well as wide variation in mechanical 
properties (Fig. 17). 

• Avoid casting configurations that might prevent almost simultaneous con- 
tact of the quenching medium with all surfaces of the casting. A rapid 
and uniform quench is necessary to insure good and uniform mechanical 
properties and to reduce residual stress. 

• Avoid large, hard to handle shapes that are not easily transferred rapidly 
and safely to the quenching tank. Quenching needs to take place within 
30 sec after the casting is removed from the furnace to achieve optimum 
results. 

When these guidelines cannot be followed, the designer is advised to consider the 
selection of an alloy that is suitable for lower temperature aging-only heat treatment 
or an alloy that is self-aging. This avoids the limitations associated with the T4 cycle 
as well as the expense of this cycle. 

Design for Machining. Suggested guidelines for ease of machining include the 
following [7]: 

• Reduce the volume of material to be removed. 

- Minimize the size of surfaces to be machined. 

- When possible, minimize machining allowances. Small surface size and 
less accuracy require less machining allowance. 
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Figure 19 Approaches for simplifying the machining of a casting. (From Ref. 7.) 


• When possible, specify alloys and heat treatments that result in good 
machinability. 

• Avoid tight tolerances. 

• Avoid excessively smooth surfaces. 

• Drive toward a minimum number of machining setups and operations. 

- Design the casting so that all machining is performed on orthogonal 
and/or parallel surfaces (e.g. design so that all drilled holes are orthog- 
onal to a machined surface). 

- Design so that all processing in one direction can be completed before 
moving to the next. 

- Minimize the number of machining directions (Fig. 19(a)). 

• Insure access to surfaces that are to be machined. 

• Provide clearance for tools (Fig. 19(b)) 

• Specify features such as fillet radii that allow shorter tool path lengths (Fig. 
19(c)) 

• Use standardized features; avoid non-standard features whenever possible. 
For example, use only one standard fillet radius and one standard thread 
size. 

• Avoid sharp angles, edges, and corners as these features typically cool 
faster resulting in harder to machine material properties. 


11 CONCURRENT ENGINEERING 

Casting design is the first step in the multi-step process that is required to introduce a 
new casting into production (Fig. 20). All of the steps that follow the initial casting 
design are dependent on and often constrained by the casting geometry that is speci- 
fied in this first, and most important step. Ideally, the casting geometry should afford 
the foundry and toolmaker the greatest possible latitude to seek rigging system and 
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Figure 20 Casting development process. 


tooling approaches that maximize the soundness and quality of the casting for the 
least possible cost and in the shortest possible lead time. It is therefore essential 
that the requirements of the “downstream” steps be properly considered in the 
casting design. Concurrent engineering is the term used to describe design processes 
in which all “stakeholders” including foundry, tooling, and secondary processing 
interests are represented from the beginning. 

The concurrent engineering approach is needed in casting design because the 
process of designing a casting is iterative. The problem of design is typically for- 
mulated in terms of functional requirements and constraints that must be satisfied. 
Functional requirements relate to the functions the part must provide while con- 
straints relate to the form (shape, size, surface finish, precision, etc.) and processing 
(parting line, draft, section thickness, etc.) requirements that constrain the geometry 
that can be selected. Based on the problem formulation, an initial design is created. 
This design is then evaluated and modified iteratively until an acceptable design 
is achieved. Typically, the redesign is guided by the design information, insight, 
and understanding that is developed in the evaluation step. To be acceptable, 
the design must satisfy all functional requirements and constraints. 

When the casting development process is examined, it is seen that the iterative 
process is essentially repeated at least two and perhaps several times (Fig. 20). First 
the design engineer goes through the iterative design process to specify the casting 
geometry. This geometry is then passed on to the casting engineer who repeats 
the iterative design process to specify the rigging system and apply pattern maker 
shrink to the casting dimensions. Problems discovered during rigging system design 
can generate additional iterations if casting geometry changes are required. 
Additional iterations to the casting geometry and rigging system design may also 
be required during tool fabrication and preparation for production of the first article. 
Finally, iterative changes to the tooling and perhaps the casting and rigging system 
geometry may be necessary to “tweak” the design to meet production requirements. 

Excessive design iterations can adversely impact the casting design in two 
important ways. First, design iterations significantly increase design cost and time. 
Second, design iterations, especially those performed late in the process, can lead 
to suboptimal design. The result is a casting that falls short of cost, weight, and 
performance targets. 

11.1 Improvement Strategies 

Concurrent engineering seeks to improve the casting design process by implementing 
the following strategies. The goal of these strategies is to shorten the design cycle and 
help ensure that the best possible casting design is created. 
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1. Develop a thorough understanding of all customer needs including 
downstream processing constraints before beginning the design. 

2. Design the casting geometry and casting process as a coordinated system 
by integrating casting geometry and rigging system design into one con- 
current process. Consider geometry, material, and process interactions 
and design related cost drivers from the beginning as part of the process. 

3. Focus on creating an acceptable initial design. By spending the time 
“up-front” to create the best possible initial design, a large number of 
lengthy analyze-redesign iterations are avoided. The evaluation phase 
should confirm the design rather than create it. 


11.2 Structured Team Approach 

One way to implement concurrent engineering in casting design is to use a structured 
team approach. In a structured team approach , the casting design is performed using 
a multi-disciplinary team and a structured design methodology. The goal is to have 
all required product and process knowledge available when the key early design 
decisions are being made. In a structured design methodology, the overall problem 
of design is broken down into a series of sequential, easier to perform steps that 
proceed from the general to the specific. Excessive iteration and long design times 
are avoided by performing each step in a thorough and disciplined manner. In 
general, each step in the process can be further subdivided into steps to create a 
hierarchy of structured methodologies. 

To illustrate the structured team approach, consider the simple methodology 
shown schematically in Fig. 21. This approach, which is derived from the general 
discussion of structured team approach presented in [7], recognizes that not all mem- 
bers of the team can be available for designing the casting on a continuous basis. 
Team meetings are therefore scheduled at which all salient aspects of the design 
are reviewed and discussed. The outcome of each meeting is a set of action steps 
to be implemented by individual team members. In this way, all team members 
are kept informed and participate in the design decision making process. At the 
same time, the actual detail work of creating the design is delegated to specific team 
members according to the skills and knowledge required. Each step of the method- 
ology is briefly discussed as follows: 

Step 1: Form Team. This is the pivotal first step in the methodology. A typical 
team might include a design engineer, a casting engineer, a tooling design engineer, 
and perhaps one or more specialists who are familiar with casting process simulation 
software, finite element analysis, fracture mechanics, non-destructive evaluation 
(NDE) techniques, and so forth. In addition, it is important that the end customer, 
the foundry that is to make the casting, and others concerned with secondary 
processing that is to be “farmed out” be properly represented on the team. This 
not only helps ensure that all customer and processing needs are appropriately con- 
sidered, it also makes it possible to rapidly negotiate changes to the design speci- 
fication when necessary, and to quickly assess cost consequences of design decisions. 

Meeting 1: Clarify the Design Problem. Clarifying the problem consists of 
developing a general understanding of the cost, performance, and manufacturing 
goals and constraints of the design. A typical agenda for this meeting might include 
the following: 
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Figure 21 Simple structured team approach. (From Ref. 7.) 


1. Review product background 

2. Customer requirements and design objectives 

3. Expected annual production volumes and target costs 

4. Geometry concepts and alternatives 

5. Material and processing options 

6. Foundry and secondary processing locations 

7. Potential geometry /material /process interactions 

8. Develop a preliminary configuration design 

9. Make assignments to team members to create the initial design. 

Step 2: Create the Initial Design. The initial design establishes the detail layout 
of the casting geometry. It includes the configuration and parametric design of the 
part together with the rigging design required to fill the mold cavity and feed 
the solidifying casting. Configuration design involves the determination of what fea- 
tures such as walls, holes, ribs, etc. will be present and how these features will be 
connected to provide the desired form, fit, function, and manufacturability (e.g. part- 
ing line, coring, and draft for low tooling cost, short cycle time, and minimal 
trimming and secondary processing). Parametric design involves the determination 
of dimensions, tolerances, and exact material specifications needed to meet 
durability, stiffness, and/or natural frequency targets. As discussed previously, rig- 
ging design involves the location and sizing of the sprues, runners, gates, and risers. 

Meeting 2: Refine and Approve the Initial Design. The goal of this meeting is 
to react as a team to the initial design and to make any adjustments or modifications 
deemed necessary by general consensus of the team. This is the time when all design 
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and processing issues should be discussed and resolved. If there are significant 
impediments to the design as proposed, these should be resolved before proceeding 
to Step 3. 

Step 3: Refine and Optimize the Design. Once the team is confident that the 
initial casting geometry and rigging design is the best solution possible, the effort 
required to optimize details of the casting geometry and rigging system by computer 
analysis can be justified. The goal of this step is therefore to computer model the 
design and iteratively improve it until all aspects have been appropriately optimized. 
The amount of effort expended on this step will depend on how important it is to 
optimize the casting. F or example, if weight and / or material cost is critical, extensive 
effort to minimize the amount of material used can be justified. Similarly, if safety is 
an important issue, comprehensive analysis to ensure acceptable fatigue life and 
reliable detection of flaws can be justified. The key to this step is to start with a 
casting geometry that is close to the optimum. This will minimize the time, analysis 
effort, and number of iterations required to converge to the optimum design. 

Meeting 3: Approve the Final Design. The result of Step 3 will be a fully speci- 
fied casting design including the detailed casting geometry, parting plane, draft, 
coring, riser locations and sizes, and rigging system design. In addition, the finished 
part design including machining, heat treating, and so forth will be fully specified. 
The purpose of Meeting 3 is to formally review the finished design as a team 
and approve the design for release to manufacturing. When the structured team 
approach is performed properly, the final design will almost always be approved. 
However, if the team decides that the design is not ready to be released, then appro- 
priate action plans for correcting design deficiencies must be developed and 
implemented. One or more follow-on meetings may then be required before the 
design is released. 


11.3 Barriers 

Although simple in concept, concurrent engineering can be difficult to implement 
because of long standing casting procurement practices employed by many firms. 
These practices, such as the requirement that a competitive bidding process be used 
to select the foundry, often present a major barrier to an effective concurrent engin- 
eering casting design process because they force separation between casting design 
and the foundry. Finding creative ways to eliminate or overcome this unnatural 
separation is essential for the effective design of castings that meet cost, quality, 
and performance targets and that also transition into production in a timely and 
cost-efficient manner. 
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Modeling of the Filling, Solidification, 
and Cooling of Shaped Aluminum 
Castings 


JOHN T. BERRY and JEFFREY R. SHENEFELT 

Mississippi State University, Mississippi State, Mississippi, U.S.A. 


1 INTRODUCTION 

That the digital computer has had a major impact on design and process engineering 
in the last 30 years is undeniable. Although finite difference and finite element based 
computational methods, as applied to stress analysis related problems, were becom- 
ing well established by the late nineteen sixties, the modeling of the solidification 
process had only just begun. 

Currently, aided by burgeoning computational power, one is now able to 
model numerous aspects associated with the production of shaped castings 
including, 

• Casting Filling 

• Solidification and Cooling 

• Microstructural Evolution 

• Residual Stress Pattern Formation 

• Heat Treatment, 

together with some aspects of predicting mechanical behavior. 

This chapter summarizes some of the salient aspects of heat transfer and fluid 
flow related modeling such as, 

• Early developments 

• Thermophysical data and boundary conditions 

• Geometric description and discretization 

• Computational techniques for solidification and filling 
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• Validation of contemporary casting models 

• Guidelines for rigging design 

• Criteria and techniques for assessment of modeling output 


2 EARLY DEVELOPMENTS 

The potential for computational methods as a design tool in solidification processing 
first became apparent during the 1940s, when under the sponsorship of the American 
Foundrymen’s Society’s Heat Transfer Committee, Paschkis and his co-workers 
studied the freezing of simply shaped castings using the analog computer (see Ref. 
1). However, the basic impracticality of manipulating complex banks of resistors 
and capacitors, together with numerous manual switches, did not seize the imagin- 
ation of the foundry engineer at that time. The advent of the digital computer 
in the 1960s changed this by facilitating the modeling of shaped casting solidification. 

Fursund [2] in Denmark is acknowledged as the first individual to apply this 
tool to shaped casting problems. In 1962 he studied the diffusion of heat into foundry 
sand and its effect on the surface finish of steel castings. Soon after this work was 
published, the first large-scale application, again to steel casting, was made by 
Henzel and Keverian of G.E. [3], In 1965 their study of solidification patterns in 
large steel castings appeared. 

A long term investigation then commenced sponsored by AFS, again guided by 
their Heat Transfer Committee and conducted by Pehlke’s group at the University of 
Michigan. An important monograph describing this early research was published 
through AFS in 1976 [4]. The computational technique used was the finite difference 
method, as was the case in many of the early studies. 

During the period from 1973 to 1984, further Scandinavian contributions 
(Davies and co-workers, in Norway [5-7] included some of the first simulations 
of the freezing of aluminum alloy castings in sand and permanent molds (gravity 
die casting). However, the first applications of the digital computer to truly com- 
mercial aluminum castings (i.e. castings in production, where the computer was 
in use as a diagnostic tool) were included in the proceedings of the first Conference 
on the Modeling of Casting and Welding Processes (1980). Riegger of Tecumseh 
Products Company and Grant of Ford Motor Company described the use of the 
computer in the process design of die castings and low-pressure permanent mold 
castings, respectively [8,9]. 

Both of these contributions are noteworthy for their discussion of the 
thermophysical properties and boundary conditions associated with the casting 
and melting media. Additionally, both discuss cycling effects on mold temperature. 
Finally, both studies indicated how shrinkage defects can be relocated or eliminated 
with the aid of the then current computational techniques. Figures 1 and 2 show 
results and casting geometries associated with the solidification patterns of a simple 
single cylinder engine block and a brake drum, respectively. 

Recognition of the complexity of the thermal contract occurring between the 
casting and metallic molds was reported on earlier by Tillman and Berry in 1972 
[10]. An early discussion of thermal contact related issues is contained in Ref. 
11. Current developments in this area will be discussed as part of the following sec- 
tion of this chapter. A more complete picture of the general history of computer 
applications in shaped casting may be found elsewhere [12]. 
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Figure 1 (Top) basic configuration of cylinder block casting (die-cast in alloy 380). 
(Bottom) the solidification sequence predicted. (From Ref. 8.) 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 




576 


Berry and Shenefelt 


Ti me : Seconds 




Figure 2 (Top) the discretization of the low-pressure permanent mold and casting together 
with thermocouple locations. (Bottom) potential shrinkage locations deduced from the 
solidification sequence and subsequent validated by sectioning. The casting concerned is a 
brake drum in alloy A355. (From. Ref. 9.) 


The subsequent-growth of interest in the computer modeling of casting, 
especially over the last decade, has resulted in a number of highly successful 
modeling codes being developed, brought to market and being employed in 
progressive foundries across the world. A review of commercial programs available 
in the United States in May 1999 was published in the magazine Modern Casting. 
The article listed eight such codes, most of which are capable of simulating both 
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filling and solidification, and in some cases microstructural evolution and residual 
stress and/or distortion patterns [13]. A number of these modelers also contain 
their own databases of thermophysical properties and appropriate boundary con- 
ditions. 


3 THERMOPHYSICAL DATA AND BOUNDARY CONDITIONS 

As was pointed out, several early publications [6,8-10] recognized the problems 
associated with the lack of data capable of describing both thermal properties 
and boundary conditions. In particular, the selection of heat transfer coefficient data 
associated with mold-metal, mold-mold, and mold-external environment type con- 
tacts can become a critical issue. 

Although the very early analog computer based simulations had assumed 
perfect thermal contact, as was true in all previous mathematical models of sand 
casting, the pioneer work of Pehlke et al. made clear that even the contact in such 
cases as sand casting is imperfect. The series of papers from this group examining 
both metal /mold gap formation and heat transfer coefficient estimation for a variety 
of contacts is still highly relevant [14-17]. A recent publication of Griffiths [18] con- 
tains a valuable review of early experiments together the results of more contem- 
porary work. 

Thermal contact with metallic chills, which is also germane to the problems 
associated with metallic molds, where a gap between the solidifying metal and 
the mold leads to a serious thermal discontinuity, has attracted much attention since 
the work of Pehlke et al. Figure 3 contains data obtained by Griffiths [18] for Al-7% 
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Figure 3 The effect of orientation in the heat transfer coefficient-elapsed time pattern for 
contact between Al-7% Si and a metallic chill. (From Ref. 18.) 
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Figure 4 Temporal variation of heat transfer coefficient at metal-sand mold interface as 
modeled and as calculated from thermocouple measurements. Alloy is Aluminum-12% Si 
eutectic. (From Ref. 20.) 


Si in contact with a metallic chill in various orientations. This work shows clearly 
how contact is affected by gravity. This research also confirms the difficulty which 
some workers have experienced in obtaining good reproducibility, which will be 
discussed later. 

Thermal contact in sand and investment castings has also attracted attention in 
the open literature [11,17,19-26]. The determination of heat transfer coefficient (h c ) 
related data undertaken by Shahverdi et al. [20] for Al-12% silicon eutectic alloy 
cast in a sand mold is an example (Fig. 4). Again the strong dependence on elapsed 
time will be seen as the casting solidifies and shrinks away from the mold. Basically 
similar trends will be seen in Fig. 3 and 4, both of which show the marked temporal 
variation. 

Shenefelt [27] has examined the effects of the methods employed to analyze 
thermocouple data gathered in such determinations using inverse methods to deter- 
mine h c . His conclusions indicate that serious uncertainties may well occur during 
this procedure. 

In order to determine the heat flux entering a mold or the contact conductance 
between the mold and the solidifying material, one must use caution because large 
errors may occur because three sets of data are never fully known. First, inverse 
methods are highly susceptible to small levels of noise in temperature data. The 
noise contained in temperature data is never systematic and therefore filtering must 
be employed to calculate heat flux and thermal contact conductance. If the filtering 
procedure is not done properly, important data may be lost using the inverse 
procedure. Second, the exact location of a thermocouple(s) is never known with 
complete accuracy and since the inverse model is highly sensitive to thermocouple 
location further uncertainty arises. If the uncertainty in thermocouple location 
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Figure 5 The measured specific heat capacity and enthalpy of the aluminum alloy LM25 as 
a function of temperature at various cooling rates. (From Ref. 30.) 



is high (0.5 mm) the uncertainty in heat flux or contact conductance may be high 
enough to render the calculated data unusable. Third, most mold material proper- 
ties are functions of temperature and are not clearly defined. Thus, if these proper- 
ties are highly dependent on temperature and a linear simplification is 
employed in the inverse procedure, uncertainties in the results will occur because 
of the linear modeling procedure. However, it is important to note that inverse 
methods are much more sensitive to noise and accuracy of thermocouple location 
than when a linear simplification is used to model a non-linear physical situation 
[28,29], 

At the time of writing (1999), the provision of a thermophysical data base for 
common casting and molding media concerning for example: 

• Thermal conductivity 

• Specific heat 

• Density 

• Latent heat 

• Viscosity, 

although still incomplete, has at last attracted the attention of a number of major 
laboratories. In particular the work currently in progress at the UK’s National 
Physical Laboratory (NPL) represents such an effort. Figure 5 shows the variation 
of specific heat with temperature for an Aluminum-7% Si-Mg alloy as obtained 
by this group [30]. 

Prior to this recent resurgence of interest, the 1982 compilation of thermal 
properties provided by the University of Michigan Team of Pehlke et al. had 
remained the most reliable database for some 15 years [31]. 
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4 GEOMETRIC DESCRIPTION AND DISCRETIZATION 

Before any simulation of the pouring and solidification of a shaped casting can be 
undertaken, the basic geometry of the casting, its rigging (i.e. risers and gating 
system) as well mold detail must be accurately described. This will include the incor- 
poration of draft, filleting, chamfering, and radii, since such detail affect both fluid 
flow and solidification. 

A partial history of developments to 1988, which is to be found elsewhere [12] 
describes progress through simple wire-frame, boundary representation to truly 
three-dimensional constructive solid geometry based routines. Currently, many 
of the available commercial modelers contain at least a simple form of geometric 
representation. However, most are also capable of accepting files from popular com- 
puter aided design (CAD) packages. 

Modeling packages can be broken into two main categories: finite difference 
and finite element. Finite difference modeling packages divide the area or volume 
of interest into smaller sub areas or volumes typically employing a structured grid. 
Structured grids contain ordered smaller areas (typically squares /rectangles or 
triangles) or volumes and therefore require many smaller units to model complex 
shapes. In many finite difference packages only one grid size or spacing arrangement 
may be employed. Therefore, if one must employ small volumes to obtain the 
required level or discretization in one particular area, this level of discretization 
must be employed throughout the entire model. This often results in finite difference 
models being very large and time consuming to run. Finite element packages have 
the ability to divide the area or volume of interest into sub areas or volumes 
employing an unstructured grid. An unstructured grid does not contain any extended 
order per se, but allows complex shapes to be modeled with fewer sub volumes than 
finite difference models because the element sizes are not fixed. This permits finite 
element packages to divide the area or volume up into sub areas or volumes using 
an adaptive or grid that can change fineness depending on location, resulting in 
a more numerically efficient model. 

At the present time both finite difference and finite element schemes are in use 
in commercially available modeling packages. 


5 VALIDATION OF CONTEMPORARY CASTING MODELS 

The proof of the success of any model, whether analytical or numerical, hinges on the 
comparison of the model results with those of experiment. 

Where only heat transfer during solidification is of interest, the validating 
medium will be the output of thermocouples placed in the mold or in the casting, 
although the latter becomes difficult physically if a monolithic metallic mold is 
involved. 

Clearly the thermocouples employed should have a minimum thermal mass to 
promote both rapid response and to prevent disturbance of the thermal fields 
involved. Also they should enter the casting parallel to the expected isotherms 
to minimize conduction along the thermocouple wires. 

The problem of determining temperature-time profile at the periphery of the 
solidifying casting was satisfactorily dealt with many years ago by Atterton and 
Houseman [32] by the use of an open ended thermocouple (no bead). Bare wires 
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Figure 6 Mold/casting interface temperature variation at different locations during filling 
and solidification of a small valve body. (From Ref. 33.) 


protruding from the mold are connected by the incoming molten metal and thereby 
the skin temperature recorded. 

Temperature fields during the filling of the molten metal are equally difficult to 
obtain. Desai [33] appears to be one of the few investigators examining this particu- 
lar problem. Although the work was conducted with a cast iron the same trends 
would be expected with a cast aluminum alloy. (Note the temperature at the mol- 
d-metal interface is shown in non-dimensional form, Fig. 6). 

Similarly, validation of the flow patterns predicted by current code hand- 
ling coupled fluid flow and heat transfer presents problems. Such information 
is of cardinal importance in aluminum castings where the inadvertent incorpor- 
ation of the tenacious but brittle solid oxide films into the mold cavity has 
serious consequences. This effect has been researched in considerable depth 
by Campbell and his co-workers [34] at Birmingham University in the UK. 
Mechanical tests performed as samples of a sand-cast aluminum-7% silicon alloy 
indicated that liquid metal entry speeds greater than 0.5 m/sec invariably lead to 
oxide incorporation and thus poor mechanical behavior. (This will be discussed 
later.) 

The Birmingham team followed up this work with carefully conceived real-time 
x-ray studies of molten aluminum entering a bottom-gated, vertically-parted 
sand-cast plate. Figure 7 shows the basic configuration of the subject casting [35], 
while Fig. 8(a) and (b) shows the results of a simulation which closely approximated 
the experimental observations. The simulation was undertaken by Ohnaka and Zhu 
of Osaka University [36]. 
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6 GUIDELINES FOR RIGGING DESIGN 

In spite of the growing number of foundries applying computer modeling to assist in 
solving gating, filling, and feeding system related problems, surprisingly little pro- 
gress has been made in building quantitative guidelines or even expert systems 
capable of designing such features. 
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Figure 8 Results of coupled fluid flow/heat transfer simulation of vertically cast plate 
(99.999% pure aluminum in resin-bonded sand as performed by Ohnaka and Zhu. (a) flow 
sequence. 


For the most part, guidelines provided by empirical information have been 
used by many foundry engineers in designing gating systems. This information 
has been drawn mainly from the recommendations of experimental work on alumi- 
num alloys conducted at the Battelle Memorial Institute in the early 1950s [37], 
which resulted in recommended gating area ratios and other aspects of such systems. 
A scholarly review of this and previous work was conducted by Ruddle soon after the 
appearance of the Battelle work [38]. 

However, the more recent the work at Birmingham University correlating the 
speed of entry of the metal stream into the mold cavity proper with mechanical 
integrity of samples taken from the casting, has resulted in the establishment of 
the new criterion mentioned earlier. Runyaro et al. [34] stated that critical entry 
velocities exist for oxide-film forming alloys (for aluminum base approximately 
0.5 m/sec). 

Velocities above this value will incorporate oxide films into the molten metal 
stream resulting in porosity and weak interfaces and hence poor mechanical 
performance. 

The principle of the well-known Cosworth Process, where metal is pumped in 
quiescently from the bottom of the mold, is an example of a technique which 
overcomes this difficulty of inadvertent oxide incorporation through quiescent metal 
entry into the mold. After filling the mold is then inverted to enhance feeding. The 
Rover process involves a similar approach, however the mold is not inverted after 
pouring. The technology of the electromagnetic pumping systems involved have been 
discussed by Gouwens [39]. 

As a result of the studies at Birmingham, Campbell has presented a new set of 
guidelines consisting of ten basic process design rules [40] concerning: 
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Figure 8 Results of coupled fluid flow/heat transfer simulation of vertically cast plate 
(99.999%) pure aluminum in resin-bonded sand as performed by Ohnaka and Zhu. 
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• A good quality melt 

• The minimization of liquid front damage in pouring and filling 

• The elimination of liquid front stops 

• The avoidance of bubble damage 

• The avoidance of core blows 

• The prevention of shrinkage damage 

• The minimization of uncontrolled convention 

• The minimization of segregation 

• The avoidance of residual stress 

• The provision of agreed location points for assessment of dimensional accu- 
racy and facilitation of machining operations 

The rules do not contain specific (i.e. quantitative) recommendations regarding 
feeder placement and dimensioning, however. 

The topic of riser design has been discussed recently by Tiryakioglu and Berry 
[41], The questions of both placement and dimensioning of risers are discussed. 
An alternative to the well-known Chvorinov rule which relates solidification time 
to volume /surface area (casting modulus) is proposed incorporating volume only 
and a shape factor. Each thermal center in the casting must be treated as a potential 
source of shrinkage and a riser dimensioned to preclude this shrinkage. The paper 
also reviews the estimation of feeding range in connection with feeder placement. 

Many foundry engineers still follow the recommendations of Jacob and 
Drouzy [42] who advocated from their experiments with both Al-7% Si and Al-5% 
Cu alloys that feeder moduli and volumes obey the following: rules: 



Tfeeder — 0.5 felting 

where V and A are volume and area, respectively. 


7 CRITERIA AND TECHNIQUES FOR ASSESSMENT OF 
MODELING OUTPUT 

A second stage in rigging design involves interrogation of the predictions of the 
computer model of the casting plus rigging design provided by the previously dis- 
cussed guidelines, or from prior experience. 

A case in point concerns the avoidance of unacceptable levels of dispersed 
porosity in cast aluminum alloys. This interrogation involves examining local values 
of certain criteria functions involving solidus velocity, temperature gradient at the 
freezing front, or cooling rate. Taylor et al. have conducted a critical evaluation 
of such criteria [43], 

After examining the experimental work of Lee et al. [44] for Al-7 Si-Mg a 
number of conclusions were drawn concerning the effectiveness of criteria functions. 
Although they did not fully account for the variation of dispersed porosity, they did 
provide a general guide. A popular criterion, that of Niyama et al. [45] relates local 
temperature gradation at the freezing front (G) to local cooling rate (R) using 
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the expression: 

G 

Vr 

Taylor et al. re-derived all the commonly used criteria and indicated how they could 
be written in terms of two parameters, either G, or V s , the local values of the tem- 
perature gradient and the velocity of the solidus front respectively, or both. Analysis 
of the data of Kao et al. [46] correlates the dependence of experimentally determined 
percentage porosity upon the modified form of the Niyama criterion computed as: 

Vs 

G 

and initial hydrogen content of the melt in Al-7 Si-Mg, (Fig. 9). Using such partly 
experimental, partly computed data, acceptable levels of dispersed porosity can 
be expected. 


8 CONCLUSIONS 

Although many heat transfer and fluid flow aspects involved in the modeling of 
aluminum casting, especially in the stages of filling, solidification and cooling 
are reasonably well understood, there are still a number of factors which limit 
the extent to which such modeling is applied in the metal casting industry. 
Among these factors are: 

1 . Provision of accurate thermophysical data and appropriate boundary con- 
ditions, as they apply to the casting and modeling media. 

2. Reduction in person hours and computer time in describing and dis- 
cretizing geometry of casting and rigging. 



Figure 9 Illustrating use of criteria functions in the prediction of dispersed porosity in 
aluminum-7% Si-Mg poured with different hydrogen contents. Dotted lines represent 
log-quadratic relation, solid line represents power law. (From Ref. 43.) 
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3. Provision of adequate rigging design guidelines, preferably in the form of 
expert systems. 

At the same time the extension of modeling techniques to the prediction of 
microstructural evolution, casting distortion and associated residual stress, for 
example, show a most encouraging trend and indicate the potential power likely 
to be made available in the near future. 
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1 INTRODUCTION 

Metal casting is reported to be a prehistoric event that appears, on the archeological 
records, after evidence of earlier metalworking. It is assumed that the earliest 
castings were made from native metals and alloys at least 10,000 years ago. Among 
the first metals to be cast by humankind are copper, gold, tin, lead and silver, whereas 
aluminum is one of the newest. 

Aluminum is affected by several elements; some of them will improve its 
properties, allowing in some cases for heat treating, but others will be detrimental. 
A comprehensive account of the different effects can be found elsewhere [1], and 
here only a brief summary will be provided. 

• Antimony contributes to the modification of the eutectic aluminum-silicon 
aggregate into lamellar form; the degree of modification depends on the 
absence of phosphorus and cooling rate. Antimony can react with 
strontium or calcium to form coarse intermetallics which affect both 
fluidity and the eutectic structure. Another detrimental effect of antimony 
is related to its potential toxicity. 

• Beryllium addition of a few parts per million are effective to reduce 
oxidation losses. This element affects the morphology of iron-containing 
particles, with the corresponding improvement in strength or ductility. Ber- 
yllium oxide is very toxic and its compounds are listed as carcinogens, 
therefore special precautions have to be taken during melting and handling 
while liquid and its dross. 


591 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



592 


Colas et al. 


• Boron combines with other metals to form borides, such as AIB 2 and TiB 2 . 
Titanium boride forms stable nucleation sites for active grain refining 
particles in molten aluminum. 

• Calcium is a weak eutectic modifier agent, but it is scarcely used due to the 
increase of hydrogen solubility which is often responsible for casting 
porosity. 

• Chromium additions are made in low concentrations to suppress grain 
growth in alloys susceptible to this phenomenon. The compound CrAl 7 
is accounted for grain growth suppression due to its low solubility. Chro- 
mium improves corrosion resistance in some alloys. 

• Copper is employed to increase strength and hardness in heat treatable 
alloys, this element exhibits detrimental effects like reduction in general 
corrosion resistance, to hot tearing and in castability. 

• Iron improves hot tear resistance and reduces the tendency for die sticking 
or soldering in die casting. Increment in iron content reduces, however, 
ductility and machinability. Iron forms a series of insoluble compounds 
which affect the properties of a casting. 

• Magnesium contributes to the increase in hardness and strength in 
aluminum-silicon alloys since Mg 2 Si solubiliy is temperature dependent. 

• Manganese is considered to be an impurity in castings and is controlled to a 
minimum level. It combines with iron to form insoluble phases. 

• Nickel is used in combination with copper to enhance high temperature 
properties. 

• Phosphorus is considered to be an impurity in castings due to the reduction 
of effectiveness of commonly employed modifiers, sodium and strontium, 
although it contributes to the reduction of primary silicon particles in 
hypoeutectic Al-Si alloys. 

• Silicon increases casting characteristics of aluminum, it improves fluidity, 
hot tear resistance and feeding behavior. The optimum amount of silicon 
depends on the casting process. For slow cooling rate processes (sand 
or investment), the range is 5-7%, for permanent mold 7-9% and 8-12% 
for die casting. 

• Sodium modifies the aluminum-silicon eutectic. It readily reacts with 
phosphorus reducing both the modification effectiveness and the size of 
primary silicon phases. 

• Strontium is used to modify the aluminum-silicon eutectic at very low 
addition levels (0.008-0.04%). Higher additions are associated with the 
increase in porosity. 

• Tin is effective in reducing friction and it is employed in bearing 
applications. 

• Titanium is extensively used to refine grain size in aluminum castings. It is 
commonly employed in combination with boron. 

• Zinc is added to aluminum in some alloys due to the excellent response to 
age hardening. 

The variety of effects from different elements arises the need for grouping the 
different alloys. The Aluminum Association of America has designed a series of 
families of alloys: 
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• lxx.x: Unalloyed compositions. 

• 2xx.x: Alloys containing copper as their major alloying element. 

• 3xx.x: Aluminum-silicon alloys also containing magnesium or copper. 

• 4xx.x: Binary aluminum-silicon alloys. 

• 5xx.x: Alloys containing magnesium as the major alloying element. 

• 6xx.x: Unused. 

• 7xx.x: Aluminum alloys containing zinc as the major alloying elements. It is 
common to find additions of copper, magnesium, chromium or manganese. 

• 8xx.x: Aluminum alloys containing tin as major alloying element. 

• 9xx.x: Unused. 

Of these series, the most commonly employed is the 3xx.x due to the increase in 
fluidity encountered by the addition of silicon, and to the age hardening response 
achieved by addition of copper or magnesium. Cast pieces made from series 2xx.x 
3xx.x and lxx.x can be subjected to heat treatment, whereas the others are not. 


2 MOLTEN METAL PROCESSES 

Melting of commercial casting aluminum alloys require a series of steps other than 
melting and alloying. Molten aluminum alloys have to be protected from oxidation 
by fluxing and pumping, whereas their microstructure and mechanical properties, 
can be improved by degassing, grain refining, modification and filtration [2,3]. Some 
of these processes will be described in this section, leaving aspects related to grain 
refining and modification to the following section, where solidification phenomena 
are presented. 

2.1 Fluxing 

The term fluxing is used in the industrial practice to refer to the additives and tech- 
niques employed to purify, cover, clean, protect, deoxidize and refine a molten metal 
bath. Oxides and other nonmetallic inclusions can be formed in molten aluminum 
and they might be able to incorporate and downgrade an otherwise healthy casting. 
These inclusions can be originated from dirty tools, sand and other molding debris, 
sludge, lubricant and liquid residues, as well as from oxidation of alloying elements 
of the base metal. 

Fluxing the melt facilitates the separation and agglomeration of undesirable 
particles from the liquid alloy. This process is temperature dependent, and it should 
be carried out at temperatures high enough to enhance chemical reactions and 
to facilitate physical separation of the molten alloy and the slag. 

The compounds employed in fluxes should be able to comply to the following 
characteristics: 

• They should form low-melting high-fluidity mixtures at the working 
temperature, 

• They should decompose to generate anions capable to react with impurities 
in the melt, which will separate from it due to differences in density. 

• They should be able to agglomerate the undesirable products and facilitate 
their removal by mechanical or any other physical means. 
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Table 1 Characteristics of Compounds Used as Fluxes for Aluminum Alloys [4] 


Compound 

Chemical 

formula 

Density (g/m 3 ) 
solid liquid 

Melting 
point (C) 

Boiling 
point (C) 

Aluminum chloride 

A1C1 3 

2.440 

1.31 

190 

182.7* 

Aluminum fluoride 

A1F 3 

3.070 

— 

1040 

— 

Borax 

Na 2 B4C>7 

2.367 

— 

741 

1575 

Calcium chloride 

CaCL 

2.412 

2.06 

772 

1600 

Calcium fluoride 

CaF 2 

3.180 

— 

1360 

— 

Carnalite 

MgCkKCl 

1.600 

1.50 

487 

— 

Zinc chloride 

ZnCl 2 

2.910 

— 

262 

732 

Zinc fluoride 

ZnF 2 

4.840 

— 

872 

— 

Cryolite 

3NaFAlF 3 

2.970 

— 

1000 

— 

Lithium chloride 

LiCl 

2.086 

1.50 

613 

1353 

Lithium fluoride 

LiF 

2.295 

1.80 

870 

1676 

Magnesium chloride 

MgCl 2 

2.325 

— 

712 

1412 

Magnesium fluoride 

MgF 2 

3.000 

— 

1396 

2239 

Potassium chloride 

KC1 

1.984 

1.53 

776 

1500* 

Potassium fluoride 

KF 

2.480 

8.80 

880 

1500 

Potassium borate 

K 2 B 2 04 

— 

— 

880 

— 

Potassium sulfate 

k 2 so 4 

2.662 

— 

1076 

— 

Potassium carbonate 

k 2 co 3 

2.290 

— 

891 

— 

Calcium chloride 

CaCl 

2.165 

1.55 

801 

1413 

Calcium fluoride 

CaF 

2.790 

1.91 

980 

1700 


* Sublimes at indicated temperature. 


Table 1 [4] lists some of the compounds available for fluxing aluminum alloys. 

Different types of fluxes are employed in the foundry industry depending on 
their function. Among them the principal are: cover, cleaning, drossing and refining 
fluxes. 

• Cover fluxes are designed to be used in small furnaces to provide a physical 
barrier to oxidation of the melt and clean scrap, foundry returns or ingots 
being charged. These fluxes should be able to melt on the molten surface 
and wet the charge. Some fluorides and chlorides are designed to be used 
in furnaces and small crucibles. These fluxes are cost effective in oxidizing 
conditions, particularly in alloys with high levels of Mg. 

• Cleaning fluxes are higher in chloride salts (70-75%) to facilitate wetting of 
oxide inclusions for easier separation from the melt and keep the walls and 
crucibles free of build-up. 

• Drossing fluxes are designed to promote separation of aluminum oxide 
(AI 2 O 3 ) from the dross layer formed on top of the surface of the molten 
alloy, since sludge, liquid and molten metal are usually mixed in this layer. 
These fluxes are designed to react with the alumina in the dross and recover 
the metal [5]. They contain compounds, usually fluorides, capable to react 
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exothermally, thus increasing in a local manner temperature and fluidity of 
the flux. The salts wet and dissolve thin oxide films according to the 
reaction: 

6 Na 2 SiF 6 + 2A1 2 0 3 -» 4 Na 3 A1F 6 + 3 Si0 2 + 3 SiF 4 (1) 

• These fluoride salts can only dissolve the very thin coat of alumina formed 
on top of the melt, massive A1 2 0 3 particles can only be reduced by elec- 
trolytic means. 

• Refining fluxes contain compounds that break down at the working tem- 
perature and are thermodynamically favorable to react with undesirable 
metallic elements in the base metal. Chlorine in fluxes reacts with alcaline 
metals to form compounds that can be removed by skimming. 

2.2 Degassing 

Aluminum and its alloys are very susceptible to hydrogen absorption in the molten 
state due to its high temperature solubility [6,7], Fig. 1, and the affinity of aluminum 
for oxygen. The principal source for hydrogen comes from humidity of the atmos- 
phere in contact with the liquid metal, which reacts with aluminum: 

3 H 2 0 (v) + 2 A1 -> 3 H a1 + A1 2 0 3 (2) 

various aluminum alloys have different sensitivities to hydrogen absorption and 
ensuing gas porosity if removal is not accomplished. Increment of copper and silicon 
reduces hydrogen solubility, whereas magnesium increases it [6], Table 2. Since the 
solubility of hydrogen is significantly higher in the liquid state as compared with 
the solid, there will be enrichment in the liquid during solidification. If it is assumed 
no solid diffusion and complete liquid diffusion occurs during casting, at the 



500 600 700 800 900 1000 


Temperature (C) 

Figure 1 Solubility of hydrogen in aluminum at one atmosphere. (From Refs. 2,6,7.) 
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T able 2 Solubility of Hydrogen in Aluminum and its Alloys 
at 750°C [6] 


Alloy 

Hydrogen solubility (ppm) 

Pure aluminum 

1.20 

Al-7Si-0.3 Mg 

0.81 

Al-4.5 Cu 

0.88 

Al-6Si-3.5 Cu 

0.67 

Al-4Mg-2Si 

1.15 


end of solidification there will be a large increase in hydrogen concentration in the 
piece. Therefore, even when the hydrogen content is below the solubility for the 
bulk liquid during solidification, concentration in the liquid will increase, and 
the solubility limit might be exceeded, resulting in a porous part. 

Various thermodynamic and kinetic factors control hydrogen removal from 
molten aluminum. Gas removal is easier at lower temperatures and higher con- 
centrations. Hydrogen is removed by [8]: 

• Hydrogen transport in the melt to the vicinity of an inert gas bubble by 
convection and diffusion. 

• Diffusivity transport through the thin boundary layer surrounding the 
bubble. 

• Chemical adsorption onto and subsequent desorption from the bubble 
surface. 

• Diffusion of hydrogen as a gas inside the bubble. 

• Escape of hydrogen from the melt surface or at the refractory walls. 

Consequently, hydrogen removal will depend on mass transfer coefficients. It 
was found that purging efficiency depends on the bubble size [9], Fig. 2. The use 
of porous plugs helps improve the rate by providing small bubbles, but they generally 
coalesce in the bath, reducing the beneficial effect. The use of an impeller with a 
porous plug improves the rate further by dispersing the bubbles. 

It has been found that the addition of chlorine or freon [10,11] improves the 
rate in some cases. It is thought that the removal rate is not only due to the increase 
of the mass transfer coefficient, but also to combination of the halogen with 
hydrogen: 

2H A1 + Cl 2 — ► 2HC1 (3) 

which is thermodynamically favorable in some circumstances. 

When the hydrogen in molten aluminum cannot be thoroughly expelled from 
the casting product as it solidifies, porosity defects will result. Porosity can be very 
fine, widely dispersed, or localized in those areas of the casting that are the last 
to solidify if the entrapped gas concentration is relatively low. Hydrogen 
microporosity may not be harmful except when pressure tightness is sought after. 
On the other hand, some gas porosity defects can be fairly large and they might 
appear as cracks or blowholes. 
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Figure 2 Hydrogen removal as a function of bubble size at two purging flows. (From 
Ref. 9.) 


True gas porosity and shrinkage porosity should be differentiated. The former 
one is due to the presence of trapped gas and they appear as round holes upon 
metallographic examination. The latter is due to inadequate feeding during 
solidification and it is more irregular in shape than gas porosity [12]. Porosity defects 
result in the reduction of mechanical properties in aluminum alloys [13], Fig. 3. 


2.3 Melt Refining 

Some impurities present in aluminum can be eliminated in the molten bath; among 
them are the alkali metals. Of these metals, lithium, sodium and calcium are 
impurities from primary aluminum production that have to be removed to assure 
casting integrity. In some cases lithium can be associated with melting aeronautical 
scrap. Magnesium is another metal that can be eliminated in the melt and it is 
normally introduced in the scrap, since several commercial alloys contain 
magnesium, and they constitute a significant proportion of the scrap market avail- 
able for recycling. 

Removal of these impurities can be readily done in the molten alloy by intro- 
duction of chlorine or fluorine, as their reactions with these particular elements 
is more thermodynamically favorable than that with aluminum [14], Fig. 4. This 
is done in industry by addition of compounds (like A1F 3 ) or by bubbling gaseous 
chlorine. 


2.4 Pumping and Filtering 

Molten metals have traditionally been transferred from the furnace to the mold or 
casting device in ladles which are filled by gravity. Nowadays it is possible to transfer 
the molten metal with mechanical pumping systems [15,16] that offer several advan- 
tages over the traditional means. 
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Figure 3 Tensile properties as a function of gas content in an aluminum alloy A356. (From 
Ref. 13.) 



Temperature (K) 

Figure 4 Thermodynamics of metal chloride formation. (From Ref. 14.) 


A pumping system allows for high volumes of metal to be transferred in short 
periods of times, with the resulting increase of productivity. It is also possible to 
take advantage of this reduction in transportation and holding times, since the metal 
can be heated up to lower temperatures, which translates into reductions in costs 
(energy), and in diminishing the risk for trapping hydrogen [6,7]. Quality of the cast 
is also enhanced as the pump drags liquid from the bottom of holding reservoirs, 
avoiding trapping dross or slag. 

Another modern development made to increase quality in foundries is that of 
filtering, especially with the tendency that aluminum has to oxidize. The filtration 
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process consists in passing the molten metal through a porous device (filter) in which 
inclusions contained in the flowing metal are trapped or captured. The filter itself 
should be made of a material which does not react with the alloy, and must resist 
thermal and mechanical stresses without breaking. 

Filtration is carried out by different mechanisms. Large particles (greater than 
30 jum) are trapped on the surface of the filter, and, as they agglomerate, aid filtering 
other inclusions during subsequent flow. Smaller particles are trapped as the liquid 
flows through a very tortuous path within the filter itself. The path provides for 
the increase in probability for a particle to detach from the liquid and attach to 
the wall of the filtering medium. Particles brought into contact with the filter will 
be retained by gravity, friction or by chemical or electrostatic bonds [3]. 

Filtration efficiency is affected by several factors. In general filtration is 
enhanced when the flow rate is reduced, or when the length (depth) of filtration 
increases, as the probability for a particle to attach to the filter increases. 


3 SOLIDIFICATION OF ALUMINUM ALLOYS 

Is not very common to produce cast pieces from series lxx.x since they are soft and 
their fluidity is poor [2], Addition of other elements, especially silicon, increases 
the filling capacity of aluminum alloys and allows for the obtention of complex 
shapes. Solidification proceeds through a series of mechanisms, which can be used 
to control the properties of the piece. 


3.1 Nucleation and Growth 


Transition from the liquid to solid occurs by nucleation and growth [2,17-19], in 
classical theory nucleation theory [2,17,19] the radius of an spherical stable embryo 
(r*) is given by: 


: * _ 2y sl r m 

““ LAT 


( 4 ) 


where y s i is the solid-liquid interfacial free energy, L is the latent heat of 
transformation per unit volume, AT is the undercooling and T m is the melting 
temperature. The critical energy of activation (AG*) for an embryo of radius r* 
is given by: 


AG* 


16 ylTj 

3 L 2 A T 2 


( 5 ) 


a comprehensive picture of the variation of the AG* with different parameters is 
given elsewhere [20]. Homogeneous nucleation is only possible for high undercooling 
(on the order of 0.25 T m [21]). However, any surface, such as cavities, walls or solid 
particles, may catalyze nucleation at a much smaller undercooling and with fewer 
atoms required to form the nucleus, following the phenomenon known as hetero- 
geneous nucleation. 

Once the nuclei are stable they will start to grow at a rate controlled by the 
atomic movility across the solid-liquid interface, and by mass and heat transfer. 
Solidification implies that at a given time more atoms move from the liquid side 
of the interface to the solid one that in the other direction. Growth also implies 
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Figure 5 Advance of a solid interface; (a) normal temperature gradient; (b) inverted tem- 
perature gradient in the liquid. 


that the interface keeps moving and increasing in size in such a way that solidification 
will only proceed if the temperature of the interface is below the melting one ( T m ), 
due to the necessity to compensate the interfacial free energy (y s i) and the latent 
heat of solidification (L). 

Pure metals solidify as fast as the latent heat of solidification is removed from 
the interface. Two cases can be considered, one in which the heat is extracted through 
the solid. Fig. 5(a), and in which the temperature of the liquid is above that of the 
interface. The advancing interface remains plane and perpendicular to the tempera- 
ture gradient. If one part of the interface moves ahead of the rest it would enter 
hotter liquid and will slow down. Figure 5(b) shows the liquid with an inverted tem- 
perature gradient, a condition which is met in a casting when the heat is extracted 
slowly through the surface of the metal into the mold; solidification begins, after 
undercooling, at the surface and, since the region of the solid-liquid interface warms 
up due to the release of the latent heat, this interface advances into colder liquid 
ahead. Under these conditions if a small part of the interface runs on ahead of 
the rest, bulging out, this region moves into colder liquid and so runs on ahead still 
faster. The planar growth is now unstable and spikes will grow out from it into 
the liquid. Similarly, other arms may branch out sideways from the primary ones 
forming dendrites. These dendrites grow in preferred crystallographic directions, 
in cubic metals (like aluminum) they grow in the directions of the cube edges of 
the crystal cell (100) [22]. 

Addition of silicon to aluminum results in solidification of an eutectic aggre- 
gate [23], Fig. 6. The eutectic structures are characterized by the simultaneous 
growth of two or more phases from the liquid, it is possible to find different mor- 
phologies, they will be lamellar when the volume fraction of each phase is nearly 
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Silicon (wt %) 

Figure 6 Section of the aluminum-silicon equilibrium phase diagram showing typical com- 
positions of some alloys. (From Ref. 24.) 


the same or if the interface of a minor constituent is faceted (when its growth is along 
well defined cristallographic planes, as in the case of silicon [24]). The structure will 
have a fibrous aspect when one phase is present in a small volume fraction [25]. 

3.2 Microstructural Control 

A series of parameters can be employed to describe the metallurgical microstructure 
of aluminum castings. Separation between dendritic arms is affected by the 
solidification or freezing rate, distribution and aspect of the eutectic aggregate, 
as well as grain size, can be controlled by addition of elements or compounds 
and by the cooling rate. Size and distribution of intermetallic phases is much more 
complex, since care has to be taken on impurities content and concentration as well 
as other solidification conditions. 

3.2.1 Dendritic Arm Spacing 

Solidification of commercial alloys proceeds by formation of dendrites from the 
liquid. This is especially the case in hypoeutectic aluminum-silicon alloys, in which 
the dendrites will be of primary aluminum. Distance or separation between the dif- 
ferent dendritic arms is normally measured on the secondary branches, rather than 
on the primary ones, and, for a given composition, it is controlled exclusively 
by the solidification rate [26-31], Fig. 7. Figure 8 shows the difference in size 
obtained by cooling an A3 19 alloy at two different rates. Microstructural examin- 
ation can be used to obtain information related to the rate or time involved during 
solidification at different places within a complex cast by reference to data obtained 
in controlled unidirectionally solidified trials. 

Engineering castings can be improved by optimization of the dendritic arm 
spacing (DAS), since both mechanical [26-37], Fig. 9, and physical properties 
[38,39], Fig. 10, are enhanced when this parameter diminishes. 
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Solidification rate (C/s) 


Figure 7 Secondary dendritic arm spacing (DAS) as a function of solidification rate. (From 
Refs. 26-31.) 


3.2.2 Grain Structure 

A small equiaxed grain size structure is sought-after in aluminum alloy castings 
because it improves resistance to hot tearing and mass feeding, at the same time 
that most mechanical properties and surface finish characteristics are improved. 
Another advantage of small equiaxed grain structure over large columnar ones 
is that of homogeneity, which results in less segregation and better response to heat 
treatment. A more homogeneous structure has defects, such as porosity and 
intermetallics more uniformly distributed and therefore less harmful. 

Increment in the resistance to hot tearing with reduction in grain size is 
attributed to decrease in the coherency temperature [40]; combination of a large 
volume fraction of eutectic liquid and low coherency temperature in 
aluminum-silicon alloys results that material containing at least 5% of silicon 
exhibits a low crack tendency [41]. Mass feeding and reduced shrinkage porosity 
are thought to be associated with grain refining, although there is not enough evi- 
dence for it [42]. There is evidence [43] that in aluminum-silicon alloys as the grain 
is refined, porosity due to hydrogen is reduced. 

Reduction of grain size is achieved by increasing the nucleation efficiency of 
primary aluminum embryos. This can be done by increasing the cooling rate (which 
will also help to improve the properties as the DAS is reduced) or by mechanical 
agitation to detach dendrite arms, but in practice, addition of chemical aggregates 
is used to provide the necessary nuclei. 

In most casting processes the metal solidifies as soon as it touches the walls of 
the mold, and, due to the high nucleation rate encountered in this region, a layer 
of small equiaxial grains is formed. Fig. 11. This layer finishes when nucleation 
is stopped by the increase in temperature produced by the release of the latent heat 
of solidification (L). Some of the originally equiaxed grains will be able to grow 
nevertheless, forming a layer of big columnar grains, which contribute in the 
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Figure 8 Micrographs of dendrites obtained from samples solidified at low (a); and high (b) 
rates. 


reduction of mechanical properties in the piece. This columnar region ends when the 
temperature gradients change and nucleation of new grains takes place. Addition of 
particles which are able to nucleate with low undercoolings (below 1°C), such as 
the intermetallics Al 15 (Fe,Mn) 3 Si 2 , can be formed in front of the columnar grains 
and they will promote formation of new aluminum grains [43]. 

Optimum grain refining can be obtained when a surface is provided at, or just 
above, the liquidus temperature of the alloy. Such conditions are met with the 
addition of Al 3 Ti particles contained within a master alloy [43], Titanium is soluble 
in liquid aluminum, Fig. 12, and it is required to have at least 0.15% Ti in the alloy 
to provide for the peritectic reaction and grain refining effectiveness. Industry is 
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Figure 9 Mechanical properties of a C355-T6 alloy as a function of DAS. (From Ref. 35.) 



Figure 10 Thermal conductivity in a A319 alloy as a function of DAS. (From Ref. 38.) 


moving down to the use of titanium-boron master alloys in which the titanium 
ranges from 3% to 10% and a Ti:B ratio of 3:50 provides for soluble Al 3 Ti and 
insoluble (Ti,Al)B 2 particles in an aluminum matrix, Fig. 13. Since these master 
alloys are effective at significant contents in Ti (0.01-0.03% in the cast alloy), it 
has been suggested that the predominant role in nucleation is taken by the boride 
particles [44]. 

3.2.3 Modification 

The term modification is referred in foundry industry to the morphological changes 
that take place in the aluminum-silicon eutectic aggregate [45]. This process can 
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Figure 11 Typical grain variation observed in castings. 



Titanium (wt%) 

Figure 12 Section of the aluminum-titanium equilibrium phase diagram. 


be conducted either in hypo or hypereutectic alloys by addition of different elements 
or by increasing the solidification rate. Modification changes the sharp needle aspect 
commonly encountered in untreated alloys, Fig. 14(a), to a fibrous, coral like aspect, 
Fig. 14(b). 

Elements from groups la and Ila, as well as some rare earths, can be employed 
as modifiers, among them sodium and strontium are preferred due to their strong 
effect at low addition levels. Experimental results show that the degree of 
modification, for a given alloy, depends on the amount of Sr added, as well as 
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Figure 13 Microstructure of a titanium-boron master alloy. 

the time evolved between addition and casting. Figure 15 shows such behaviour 
taking as reference the lowest temperature recorded as the eutectic reaction takes 
place [43]. 

Crossley and Mondolfo [46] have proposed a physical model based on the 
assumption that in unmodified casts silicon grows at a faster rate than aluminum, 
resulting in sharp acicular particles, addition of sodium or any other modifier agent 
hinders growth of silicon and promotes that of aluminum as its surface tension 
is reduced. Shamsuzzoha et al. [47] proposed that growth of silicon occurs in a 
ledge-wise manner, in such a way that its {111} planes encroach along the (112} 
directions. During slow cooling twinning is frequent, and promotes a small angular 
distortion along the twinning planes, which is responsible for branching. When 
the solidification rate is increased, silicon atoms do not have time enough to accom- 
modate in the ledges, promoting a twinning at a higher rate, which implies the 
increase in distortion and branching. Shu-Zu and Flellawel [48] have proposed a 
mechanism based in the enrichment of the modifying atoms at the silicon-liquid 
interface, in such a way that this absorption will distort the ledges and promote 
twinning and branching. 

3.2.4 Porosity 

Porosity in aluminum cast alloys is associated either with the presence of hydrogen 
(trapped while liquid and expelled as the metal solidifies, due to its drop in solubility, 
Fig. 1), or to the volumetric contraction occurring as the liquid metal freezes [2]. 
Porosity in a casting is irregular due to the combination of the above mentioned 
factors, however, it is possible to determine the origin of certain pores, based on 
their distribution and morphological aspects [2]. 

Big macroscopic shrinkage cavities are normally assumed to be due to con- 
traction and are associated to faulty feeding designs, and to the inability to allow 
liquid metal to flow into already solidified regions. A molten alloy will exhibit three 
different contraction stages, Fig. 16 [2], The first one (liquid) does not have a 
dramatic effect in castings, and it is normally noticed only as a reduction in height 
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Figure 14 Typical eutectic structures found in unmodified (a); and modified (b) 
aluminum-silicon alloys. 


of the liquid held in the feeder. Contraction during solidification (second stage) is 
cause of most problems, and it is due to the change from a random open liquid 
structure into a more compact solid one. Figure 17 shows how shrinkage cavities 
can be formed when casting with a faulty feeding design. In this figure, it is assumed 
that the mobility of the liquid-solid interphase is the same in all directions (t\), but as 
time increases (C), the faulty design will allow contact between moving interphases, 
which will result in liquid metal being isolated from the feeder; once this liquid 
solidifies, it will leave behind a series of cavities. 

As was mentioned above, the decrease of solubility of hydrogen is thought to be 
responsible for most small gaseous pores in aluminum castings. A series of models 
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Figure 15 Changes in the eutectic temperature as a function of time elapsed since addition 
of strontium in a A356 alloy. (From Ref. 43.) 



Temperature 

Figure 16 Contraction due to different phenomena. (From Ref. 2.) 


[49-52] have been developed to explain the formation of these pores based on 
nucleation and growth mechanisms, models that require different geometrical con- 
sideration and the knowledge of difficult to measure parameters like surface tension 
and supersaturation pressure. 

3.2.5 Intermetallics 

The most common intermetallic phases found in aluminum castings are related to 
contamination with iron, which has a limited solubility in liquid aluminum [23]. 
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Feeder 



Figure 17 Formation of shrinkage cavities due to missdesign of the feeding system. 



Figure 18 Intermetallic /J-AfiFeSi. 

Of these intermetallic phases, the /?-Al 5 FeSi is the most detrimental to mechanical 
properties [53,54], due to its needle shape microstructure, Fig. 18, and its low 
coherency with the aluminum matrix [55]. Addition of manganese transform these 
intermetallics into the less deleterious a-Al 15 (Fe, Mn) 3 Si 2 phase, which due to its 
aspect, Fig. 19, is commonly referred as Chinese script. A drawback of addition 
of manganese is the increment in both hardness and quantity of intermetallic 
particles for a given iron content, in such a way that the positive effect of manganese 
on the modification of the intermetallic morphology to increase the resistance to 
crack propagation is offset by the increased brittleness and volume of the a particles 
[56], 

Intermetallic phases can be formed in aluminum castings at high temperatures, 
before the aluminum dendrites are formed, concurrent with the solidification of the 
alloy, or they can form complex eutectic phases which solidify at temperatures 
as low as 480°C [43,53-60]. A short summary of the intermetallic phases encountered 
in Al-Si alloys is presented in Table 3. 
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Figure 19 Intermetallic a-Ali 5 (Fe,Mn) 3 Si 2 . 


Two factors are known to control the morphology and nature of the 
intermetallics found in cast alloys, and they are the solidification rate and the chemi- 
cal composition [53-60]. The solidification rate exerts a direct impact on the kinetics 
and amount of iron rich phases present in the microstructure. Low cooling rates 
favor the formation of /f needles, which are formed in well defined crystallographic 
planes, whereas higher rates tends to favor the Chinese script type [59], experimental 
results [57] show that the transition between and a phases takes place at slower 
rates as the amount of iron is reduced. Several authors [53-60] have shown that 
the elements that control the transition from /f to a depends on the amount of 
Fe, Mn and Cr, as the former increases /f formation will be promoted, while 
Mn and Cr contribute to the stabilization of a particles. 

A series of guidelines can be mentioned to reduce the detrimental effects of iron 
intermetallics: 

• maintain low iron levels; 

• maintain a Mn/Fe ratio higher than 0.5, 

• increase the rate of solidification, and 

• reduce the degree of eutectic modification. 


Table 3 Intermetallic Phases in Al-Si alloys 


Reaction 

Phases 

Pre-dendritic 

Ali 5 (Fe,Mn) 3 Si 2 

Post-dendritic 

Al 15 (Fe,Mn) 3 Si 2 -Al 5 FeSi 

Eutectic 

Al 5 FeSi-Mg 2 Si 

Post-eutectic 

Al 5 Mg 8 Cu 2 Si 6 -CuAl 2 
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3.3 Thermal Analysis 

When a material undergoes a phase transformation, some of its characteristics 
(properties and structure) may change discontinuously. Most common trans- 
formations, such as boiling, melting and allotropic structural changes, are called 
first order transformation since the first derivative of the free energy ( G) becomes 
discontinuous at the transformation temperature (T t ): 


S= - 


dG 

dT 


( 6 ) 


where S and T are the entropy and temperature. Since 
G = H — TS 


(V) 


where //is the enthalpy, //must also be discontinuous at T { in order for both G to be 
continuous and S discontinuous, Fig. 20. [61]. The discontinuity in //is referred to as 
the latent heat of transformation, and it is this heat which will be absorbed or 
released during a transformation that is detected by thermal analysis. 

The oldest type of thermal analysis is that of recording the changes in tem- 
perature that occurs while heating or cooling a material, which can be obtained 
by placing a thermocouple within the piece to be studied [62]. Figure 21 shows 
the sort of changes which are expected as a pure metal and a couple of alloys during 
their cooling and heating. The horizontal plateau observed in the pure metal 
and the eutectic is due to the latent heat of transformation, which has to be provided, 
when heating, or extracted, while cooling, in order to achieve full transformation. 
Both alloys show changes in slope in their cooling and heating curves as they pass 
through the binary phase region. It is worth noticing that the sharp changes ident- 
ified as ideal, are not normally observed in most conditions due to factors such 
as the thermal inertia of the thermocouple, segregation, agitation, etc. This limi- 


l* order 2 nd order 



T, T, 

Temperature 

Figure 20 Temperature dependence of the free energy and enthalpy of a material as it goes 
through a first or second order phase transformation. 
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Ides] 

Observed 






Figure 21 Ideal and observed curves obtained while cooling and heating a pure metal and a 
couple of alloys. 


dT/dt 



Figure 22 Schematic diagram of the cooling curve and its derivative (dT/dt), showing the 
points at which a given transformation starts and ends. 


tation is overcome with the use of the derivative (dT/dt) of the heating or cooling 
cuves, as the points at which the transformations start and end are magnified 
[43,59,62], Fig. 22. 

Commercial Al-Si alloys are treated as if they were made only of either primary 
aluminum or silicon, and the eutectic aggregate, see Fig. 6, although this is far from 
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Figure 23 Solidification curve of a modified and refined type 319 alloy. 



true. Figure 23 shows the cooling curve recorded during solidification of a type 319 
alloy to which titanium and strontium were added, respectively, to refine their grain 
structure and modify the eutectic aggregate. Four different reactions were detected 
by plotting dT/dt as a function of temperature. Fig. 24, and they are: 

i. Peritectic precipitation of Al 3 Ti. 

ii. Formation of primary aluminum dendrites. 

iii. Eutectic A1 + Si reaction. 

iv. Solidification of complex eutectic of the type AFMggCmSF - CuAF. 
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Figure 25 Simplified flow diagram of the basic operations for producing a sand casting. 
(From Ref. 63.) 


4 CASTING PROCESSES 

As was mentioned before, casting has existed since prehistoric times and a wide 
variety of molding and casting methods and processes have been developed over 
the time. Figure 25 [63] shows a simplified flow diagram of the basic operations 
for producing a sand casting. The right hand side of the diagram starts with 
patternmaking, which refers to all the operations, methods and techniques required 
to produce a sound quality model and are described elsewhere [64]. 

The molds are made by pressing the sand, bonded either with resin or clay, to 
the pattern, internal passageways within the casting are formed by the use of cores, 
which are made of sand and a binder which provide the strength to withstand 
the flow of molten metal. Casting production begins with melting the metal, see 
previous sections, which is tapped into a ladle for pouring in the mold cavity, where 
it is allowed to solidify within the space defined by mold and cores. After it has 
solidified, the casting is taken out of the mold, the risers and gates are removed, 
and the piece is heat treated, cleaned and inspected before it is send to the costumer. 

Foundry processes can be classified based on whether the molds are permanent 
or expendable, subclassifications arise from the type of compound used as binder, or 
from the nature of the pattern (whether or not they are expandable). Table 4 [65] 
enlists a series of processes commonly encountered in foundries. 
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Table 4 Classification of Foundry Processes Based on Mold Type [65] 


Expandable mold processes 



Permanent patterns 

Expendable patterns 

Permanent mold processes 

Clay/water bonds 

Foamed patterns 

High and low pressure 

Heat-cured resin binder 

Wax patterns 

die castings 

Cold box resin binder 


Permanent mold 

No-bake resin binder 


Centrifugal casting 

Silicate and phosphate 
bonds 

Plaster bonds 
No bond 


Squeeze casting 


4.1 Sand Casting 

Sand casting is one of the most versatile processes, it provides tremendous freedom 
of design in terms of size, shape and product quality. Different types of sands, such 
as silica, zirconia, olivine or chromite, are used in casting, although the most com- 
mon in aluminum are silica and zircon. 

Foundry silica sands are composed almost entirely of quartz, Si0 2 . Some 
impurities may be present, such as ilmenite FeO-TiCH, magnetite, FeC^O.*, or 
the ferrous orthosilicate, (Mg,Fe 2 )Si 04 , known as olivine. Silica sand is used pri- 
marily because it is inexpensive and readily available, although the crystallographic 
reactions that quartz undergoes on heating might produce a series of defects in 
the casting. The first change in volume takes place at 573°C is due to the displacive 
transformation of quartz a to quartz fi, and involves an expansion of around 1.6%. 
Quartz /? undergoes the reconstructive transformation to tridymite at temperatures 
above 867°C, which contracts around 0.3%. At temperatures above 1470°C 
tridymite transforms into cristobalite [66]. 

Zirconia sands are constituted of zirconium silicate (ZrSiOQ, which is highly 
refractory and exhibits excellent foundry characteristics, such as low thermal 
expansion, high thermal conductivity and bulk density and low reactivity with 
molten metal [67]. 

The size, distribution and shape of sand grains are important in controlling the 
quality of the mold. It should be realized that grain shape contributes to the amount 
of sand surface area, whereas size distribution controls the permeability of the mold. 
As the sand surface increases, the amount of bonding material must increase to 
achieve the desired mechanical properties, and a change in surface area, due to 
change in sand shape, will result in the change of the amount of binder required. 
Round grains have a low surface-area-to-volume ratio and are preferred for making 
cores because they require the least amount of binder. Angular sands have the great- 
est surface area and require more aggregates. According to the American 
Foundrymen’s Society, approximately 90% of all castings produced in the United 
States are produced by sand molding [68]. 

4.1.1 Bonded Sand Processes 

These processes are characterized by the addition of inorganic materials which bond 
the sand and include green sand molding, dry sand molding, skin dried molds, etc. 
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The term green sand refers to the sand molds which have been activated by the 
addition of water to clay-bonded sand. The clays more commonly employed in 
aluminum castings are bentonites and fireclays. 

Bentonites are forms of an hydrated aluminum silicate (montmorillonite) 
which is capable of expanding as water is absorbed or contracting as it dries. There 
are two variants of this clay, in the first one, some aluminum atoms are replaced 
by sodium, which gives the clay a net negative charge and increases its activity 
and its ability to absorb water, whereas in the second type some of the aluminum 
atoms are replaced by calcium. Bentonites confer a high degree of plasticity to 
the sand and, as they contract when drying, they contribute in reducing the effects 
caused by the transformations that take place in silica. Fireclay consists essentially 
of kaolinite, an hydrous aluminum silicate; it is highly refractory but has low 
plasticity, and it is preferred in large castings [67]. 

When molten metal is poured into a sand mold gases, produced by the thermal 
decomposition of binders and any other additives employed, result. If the per- 
meability of the mold is not sufficient to allow the escape of these fumes, pressure 
will increase within the mold, impeding the flow of metal or damaging its walls. 
But these gases are not always a disadvantage, because the gas pressure prevent 
metal penetration into the sand, therefore, a balance between mold permeability 
and the amount of fumes generated must be achieved and maintained. Permeability 
is controlled by the amount, size and distribution of the voids dispersed among 
densely packed sand grains, thus sand from a mixture of sieves is commonly 
recommended. 

Another phenomenon which takes place when molten metal is introduced in 
the mold cavity is that of heat transfer from the liquid to the adjacent sand grains, 
causing their expansion, and, since it is required that each grain expands freely 
to avoid damaging the mold wall, these grains should not be densely compacted [69]. 


4.1.2 Resin Binder Processes 

Foundries employ a variety of methods and techniques to produce cast metal parts. 
Molds can be made of sand or be of a permanent metal type, but in either case, 
when an internal conduct or passageway has to be made a core has to be used. These 
cores are the most fragile part of the mold assembly and are normally produced by 
sand bonded with an organic resin. A wide variety of resin binder processes are 
available, and they can be classified in the following categories [70]: 

• No-bake binder systems. 

• Heat-cured binder systems. 

• Cold box binder systems. 

In the no-bake and cold box processes, the binder is cured at room temperature, 
whereas in the shell molding and hot box processes, heat contributes to the 
polymerization reaction. 

In all cases the sand is coated with two reactants that form a resin upon the 
application of heat or a chemical catalyst. The resin converts into a solid plastic 
that coats the sand so it holds its shape during pouring, an important characteristic 
of these systems is that the plastic degrades when liquid metal touches the cores, 
which allows for their rapid disgregation during shaking or further processing. 
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4.1.3 Unbonded Sand Processes 

Casting processes in which the sand does not carry any binding material are alterna- 
tives to conventional green sand molding. Of them, the one that is taking more 
importance in casting aluminum parts is that of lost foam. This process dates from 
the early ’50s and consists in the use of a polystyrene foam pattern imbedded in 
green sand. The pattern is left within the mold while pouring to be decomposed 
by the action of the heat from the molten metal, which then replaces the pattern 
and duplicates its surface [71]. 

Early lost foam was limited to rough castings because the foam material avail- 
able was coarse, had to be hand fabricated, and the packed sand would not allow the 
escape of fumes caused by the decomposing foam, which resulted in porous pieces. 
Quality was enhanced by replacing green sand by unbounded sand, held in place 
by the pattern, which allowed rapid escape of gases. Another advantage of this 
method is that of reducing the time cycle of the unbounded sand, as it does not 
have any binder, it only has to cool down to room temperature before being used 
in another mold. 

There are some disadvantages that affect this method, among them is the dis- 
tortion to which the foam pattern can be subjected to when the sand is poured into 
the container or is being packed. Porosity is also a concern, since the foam and 
the glues employed to hold the full assembly vaporize, some of the fumes might 
not be able to escape, and they will be incorporated as pores within the piece. 
Another point of concern is the mechanical properties of the piece, due to the slow 
cooling caused by the low heat transfer rate between the metal-sand interface, 
and the thermal inertia resulting from the mass of sand used in molding. 

4.1.4 Sand Reclamation 

The economics of a foundry rely on sand reclamation to reduce the costs associated 
with new sand and those related to landfill use, as well as the problems associated 
with environmental control of undesirable contaminants in discarded sand. Other 
operational advantages results from sand reclamation, one of them is the ability 
to select the best sand for the casting process, in addition, the use of reclaimed sand 
reduces the number of variables that must be controlled, and provides consistency 
over a period of time. 

Sand reclamation starts with the removal of foreign materials, such as metal 
spills, slag and paper, and the disintegration of lumps of sand. The organic and 
inorganic binders are removed either by scrubbing or by thermal methods, clay 
is normally removed as fines. The sand is brought up to specifications by the addition 
of new sand, clay and any other type of additives. Sand reclamation systems must be 
selected, taking in mind their cost, specifications of the sand, system capacity, com- 
patibility with the molding and pouring systems and with the type of cores being 
used. 

4.2 Permanent Mold Casting 

Permanent mold casting is sometimes referred to as gravity die casting, a metal mold 
is usually made of two or more parts which open and close during operation. Cores 
can be made of removable metal pieces or, when complexity increases, of sand, 
in the later case this process is sometimes referred to as semipermanent mold casting. 
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This process is suitable for high-volume production of castings with fairly uni- 
form wall thickness and intricate internal coring. The process can be used to produce 
complex castings, but quantities should be high enough to justify the cost of metallic 
molds. Compared to sand molding, permanent mold casting permits the production 
of more uniform parts, with closer dimensional tolerances, superior surface finish 
and improved mechanical properties. It should be mentioned that this process 
has a series of limitations, among them are the high tooling costs, which implies 
a high production volume to make it profitable. Some shapes might not be suitable 
to cast in a permanent mold due to parting line location, undercuts or difficulties 
in removing the piece from the mold. Coatings are required to protect the mold 
from attack by the molten metal [72]. 

A simple permanent mold may consist of only two pieces arranged in a book or 
similar type of style. The mold cavity when the halves are closed determines the 
shape of the casting. Metal fills the cavity by means of gates, sprues and runners; 
risers are added to assure proper filling as the piece solidifies and contracts. The 
cavity should be vented to allow air to escape. Gating systems for permanent molds 
are less flexible than those for sand molds, and are nearly always located in parting 
planes. Gating must supply metal fast enough to fill all sections of the casting with 
minimal turbulence, otherwise excess of oxide may form endangering the quality 
of the part. Molds for aluminum alloys are poured in the vertical position to allow 
for rapid displacement of air (venting). Special care has to be taken when designing 
the gating system, in most cases, the last metal that enters the cavity is the hottest, 
and if it remains towards the bottom of the mold, it will interfere with gravity feeding 
and progressive solidification, and will produce castings with shrinkage porosity. 

Coatings are applied to mold surfaces to serve as a barrier between the molten 
metal and the mold before a skin of solid metal is formed. These coatings perform 
different functions, among them are: to prevent premature freezing of the metal; 
to control the rate and direction of solidification; to reduce the thermal shock 
and fatigue of the mold; and to vent air trapped in the mold cavity. Mold coatings 
can behave as insulating or lubricating layers, the former ones are based on ceramic 
formulations, whereas the later ones usually contains graphite in a suitable carrier. 

One of the most important parameters to control is the mold temperature, 
because if it is too high, excessive flash will develop, castings might be too weak 
to extract undamaged and their mechanical properties and surface finish may be 
impaired. When the temperature is too low, cold shuts and misruns will be likely 
to occur, feeding will be inhibited (which generally results in shrinkage defects), 
hot tears and sticking of the casting to the mold will be increased. In many operations 
molds are preheated either by direct flame or by placing hot castings on them. Molds 
designed for pieces requiring high mechanical properties are normally cooled by the 
use of either forced air or water. 


4.3 Die Casting 

All the processes described in the previous sections use gravity as driving force for 
filling the different types of cavities. When liquid metal is pushed into a cavity, either 
by a ram, gas or a pump, the process is called die casting, and this can take either at 
high or low pressure. 
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Figure 26 Schematic diagram of the low pressure process. 


4.3.1 Low Pressure Die Casting 

In this process liquid metal, held in a pressure tight holding furnace, fills the mold 
cavity by means of a riser pipe when the top surface of the vessel is pressurized. 
Fig. 26. After the metal fills the die, it commences to solidify, with the solidification 
front progressively moving from the extremities of the mold back towards the riser 
tube, once the front reaches the top of the pipe, the pressure on the vessel is released 
and the remaining liquid metal falls into the container. 

Low pressure die casting is a process very similar to that of permanent mold 
casting in the sense that the liquid metal enters the die at a relatively low velocity 
and, ideally, maintains a non-turbulent flow while filling the cavity, but since there 
is less control of cavity fill and a greater tendency to entrain air in the metal under 
gravity pouring conditions, the low pressure process should provide higher quality 
pieces. Another difference between both processes is product yield, the runners 
and risers in gravity permanent mold casting can amount to 50% of the mass, 
whereas the yield in low pressure die casting is claimed to be as high as 95% [73]. 

Because the cavity fills at a slow velocity, the dies are normally coated with a 
thin layer of a ceramic base material to reduce the rate of heat transfer to the metallic 
mold. This layer also prevents molten metal attack of the die. Complex sand cores 
can also be used in low pressure die casting, in contrast with high pressure die 
casting, where sand cores tend to disintegrate when subjected to the high injection 
speed. 

The everyday competition for lower weights in automotive industry has made 
some foundries to cast pieces such as road wheels and cylinder heads by low pressure. 
This process is also being considered for the production of high integrity castings for 
suspension, steering and braking applications [73]. 

Traditional low pressure die casting uses permanent metallic molds; in some 
cases, like road wheels production, no sand cores are used, however, when cylinder 
heads or engine blocks are cast, the sand cores are required. Recent developments 
in the production of engine blocks has changed the material from which the molds 
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Table 5 Operating Parameters for Low and High Pressure Die Casting [73] 


Parameter 

Low pressure 

High pressure 

Cavity fill time 

3-30 sec 

50-200 msec 

Metal pressure 

30-100 kPa 

10-60 MPa 

Gate velocity 

0. 1-0.6 m/sec 

20-60 m/sec 

Die temperature 

300-450°C 

120-260°C 

Solidification time 

30-300 sec 

1-10 sec 

Casting-mold heat 
transfer coefficient 

0.2-2 kW/m 2o C 

20-90 kW/m 2 °C 

Cycle time 

5-10 min 

20-120 sec 


are made, the best known version is that developed by Cosworth [74], in which the 
mold is made from zirconia sand and it is filled by means of an electromagnetic 
pump, an alternative to this method is the Improved Low-Pressure Process (ILP) 
[75], which uses silica sand and fills the mold by the more traditional way of increas- 
ing gas pressure, see Fig. 26. 

4.3.2 High Pressure Die Casting 

High pressure die casting is characterized by the high speed at which the molten 
metal is injected within the mold cavity. Due to the very high kinetic energy of 
the liquid metal, no sand cores are normally used, since the impact will disintegrate 
them. This high kinetic energy is the cause that the machines used to produce 
die cast parts are rated by the closing pressure that they can exert on the dies, rather 
than on the capacity or weight of their castings, another limitation of this process is 
the need to pay for the metallic permanent mods, which translates into high volume 
and productivity [76]. 

The metal flow in this process is turbulent and much metal will be injected as 
finely divided droplets which, if the heat transfer rate during solidification is low, 
may be the cause for porosity. This process is limited to produce small parts, in 
part due to the need to achieve a high transfer rate and in part due to the high closing 
pressure that the dies should withstand when big pieces are cast. This process is 
optimum to produce thin walls (of less than 0.5 mm thick) in high volumes, 
moreover, several small pieces can be cast together to increase productivity. 

The predominant type of die casting for aluminum alloys is that of cold 
chamber, which consists in a small reservoir (held at a temperature of 160-260°C) 
in which molten aluminum, taken from a holding furnace, is placed. Once this is 
done, a ram injects the metal into the cavity. The mold opens once the pieces 
are solid, the interior of the mold is inspected (in some cases a coating may be 
employed), and the die closes for the next cycle. Table 5 [73] resumes the differences 
between low and high pressure die casting of aluminum alloys. 


5 HEAT TREATING 

The broadest meaning of heat treating comprises all thermal practices intended to 
modify the metallurgical structure of products in order to control their physical 
and mechanical characteristics and accomplish specific engineering criteria, but. 
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in aluminum industry, the term heat treating is often used to describe the procedures 
and practices required to achieve maximum strength or hardness in a suitable alloy. 
Normal practice involves a sequence of solution heat treating, rapid cooling 
(quenching) and precipitation hardening (aging). Proper alloying and temper 
selection allows for the achievement of different features, among them [1]: 

• Improve machinability. 

• Achieve the mechanical properties associated with a particular condition. 

• Stabilization of mechanical and physical properties. 

• Ensure dimensional stability under service conditions. 

• Relieve residual stresses induced by different manufacturing operations. 

The Aluminum Association has standardized the definitions and nomenclature 
applicable to thermal practice and maintains a registry of standard practices and 
designations for industry, of them, the ones applicable to castings are: 

O: annealed (thermal stress relieved). 

T4: solution heat treated and quenched. 

T5: artificially aged. 

T6: solution heat treated, quenched and artificially aged. 

T7: solution heat treated, quenched and stabilized (overaged). 

T8: cold reduced before aging to improve compressive yield strength. 

5.1 Principles of Heat Treating 

Although most metals will alloy with aluminum, few of them have sufficient solid 
solution to serve as addition. Of the most commonly used elements, only Zn, 
Mg, Cu and Si have significant solubilities, Table 6. The versatility of alloying 
and heat treatment is manifest in the fact that it is possible to increase the yield 
strength of high purity aluminum by as much as 40 times [76]. 

The basic requirement for an alloy to be amenable for age-hardening is a 
decrease in solid solubility with decreasing temperature of one or more of the allo- 
ying elements. Such condition is met by different alloying combinations, of them, 
the most important in castings are Al-Cu, Al-Mg-Si or Al-Zn-Mg, as an example, 
a section of the Al-Cu phase diagram is shown in Fig. 27. 

Age-hardening is produced by the formation of a series of precipitated particles 
which form from a supersaturated solid solution [76,77], Table 7. The complete 
decomposition of the solution is usually complex and may involve several stages. 
Early stages of decomposition involve clustering of the alloying elements to form 
one or two atoms layers of what are called Guinier-Preston (GP) zones. These zones 
retain the structure of the matrix and are coherent with it. Their formation requires 
movements of atoms over short distances so they are very finely dispersed in the 
matrix. 

The intermediate precipitates are normally much larger in size than GP zones 
and they are only partly coherent with the matrix. They have a composition and 
crystal structure close to that of the equilibrium phase. These intermediate 
precipitates are, in some alloys, nucleated from, or at the site of the GP zones. For- 
mation of the final equilibrium precipitates involves complete loss of coherency with 
the parent lattice and, because they tend to be coarsely dispersed, softening of the 
alloy results. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



622 


Colas et al. 


Table 6 Solid Solution of Selected Elements in Aluminum [77] 



Temperature 

Maximum solubility 

Element 

(°C) 

(wt%) 

(at%) 

Ag 

566 

55.6 

13.8 

Cu 

548 

5.65 

2.40 

Cr 

661 

0.77 

0.40 

Fe 

655 

0.05 

0.025 

Mg 

450 

17.4 

18.5 

Mn 

658 

1.82 

0.90 

Si 

577 

1.65 

1.59 

Ti 

665 

1.30 

0.74 

Zn 

443 

70.0 

28.8 


5.2 Heat Treating of Cast Alloys 

Heat treating of industrial casting alloys differs to that carried out in wrought alloys 
due to the presence of complex eutectic phases. For instance, thermal analysis 
obtained during solidification of a 319 alloy, Figs. 23 and 24, show the presence 
of a complex Al 5 Mg 8 Cu 2 Si 6 -CuAl 2 eutectic that solidifies below 500°C. If full hard- 
ening by aging of this alloy is intended, the material should be heated above 490°C 
to dissolve the 3.6 wt% Cu it contains. Fig. 27, and at this temperatures, any tem- 
perature variation within the furnace may endanger the surface quality of the piece, 
due to melting of this complex eutectic. Unfortunately, decrease in solubilization 
temperature results in reduction of mechanical properties, Fig. 28. 

Another factor that affects heat treating is the time required to put in solution 
coarse microstructures resulting from slow solidification rate processes. In general. 



Figure 27 Section of the aluminum-copper equilibrium phase diagram. 
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Table 7 Precipitation Processes in Aluminum Alloys [77,78] 
Alloy Precipitates Remarks 


Al-Cu 


Al-Mg-Si 


Al-Zn-Mg 


GP zones 
9" 


6' tetragonal Al 2 Cu 
9 body centred 
tetragonal AI 2 Cu 
Clusters of Mg and 
Si atoms. GP zones? 
P" monoclinic 
P' hexagonal Mg 2 Si 
B' hexagonal Mg 2 Si 

P face centred 
cubic Mg 2 Si 
GP zones 

v! hexagonal MgZn 2 
x] hexagonal MgZn 2 

T' hexagonal 
Mg3 2 (Al,Zn)49 
T' cubic 
Mg 3 2 (Al,Zn ) 4 9 


Probably single layers of copper atoms on {100}„ 
Coherent, probably two layers of copper atoms separated 
by three layers of aluminium atoms. May nucleate at GP 
zones 

Senri-coherent plates nucleated at dislocation on {100} a 
Incoherent equilibrium phase. May nucleate at surface 
of ff 

GP zones solvus occurs at temperatures that are normally 
higher than the aging temperature 
Coherent needles along (100) a 
Semi-coherent rods. May form from P" 

Senri-coherent laths. Lie along (100) a . Forms with p' 
Favoured by high Si: Mg ratios. 

Platelets on {100}„ May transform directly from p' 

Possibility of two types of zones 
May form from GP zones in alloys with Zn: Mg > 3:1 
Forms from ?/. May have one of nine orientation 
relationships with matrix 

Senri-coherent. May form instead of r) in alloys with high 
Mg: Zn ratios 

May form from rj if aging above 190°C, or from T' 
in alloys with Mg:Zn ratios 



Strain 

Figure 28 Stress-strain curves obtained in compression of T4 samples from a 319 alloy 
solubilized at three different temperatures. 
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it is found that the time required to achieve solution is progressively shorter for 
investment, sand and permanent mold casting, but thin-walled sand castings pro- 
duced with extensive chills can display finer microstructures than those obtained 
in heavy-section permanent mold parts. 

Rapid cooling or quenching from solution should be taken special care, as it is 
desirable to keep in solution as much of the alloying elements as possible, but in 
parts in which transition from thick to thin sections is abrupt distortion will be found 
[78], and the cooling rate should be reduced to avoid it. Most commercial quenching 
is accomplished in water near the boiling point, but there is a tendency to increase the 
use of polymers emulsions in room temperature water [78,79]. Figure 29 [80] can be 
used to predict whether or not an aluminum casting may be subjected to dangerous 
high stresses or not as a result of the cooling rate experienced during quenching, 
and the distance to which heat should diffuse to obtain an uniform quench, i.e. 
the cooling rate should be reduced with the increase of size and mass of the heat 
treated pieces. 

Experimental trials should be conducted to find a critical cooling rate, above 
which no increase of hardness is found to occur. Such a case for a 319 alloy is shown 
in Fig. 30, where the maximum value of hardness in samples aged at 160°C are 
plotted as a function of the average cooling rate detected in the 400-480°C range, 
and, as it can be seen, this critical rate results to be around 10°C/sec, which coincides 
with results obtained in wrought alloys [81,82]. 

Aging of aluminum alloys can be followed by conducting hardness tests in 
samples left at given temperatures for different times, Fig. 31. Most aluminum alloys 
age-harden naturally to some extent after quenching. The extent of change is highly 
alloy dependent, for instance, alloys A356 and C355 age within 48 hr, with insig- 
nificant changes thereafter, whereas alloy 520 hardens over a period of years [1]. 



Heat diffusion distance in quenching (mm) 

Figure 29 Threshold for the development of dangerous high stresses in aluminum castings 
as a function of the cooling rate and the distance for heat diffusion. (From Ref. 80.) 
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Figure 30 Variation of the T6 hardness achieved in a 319 alloy as a function of the cooling 
rate averaged in the 400-480°C range. 



Time (hrs) 


Figure 31 Aging at 160°C of a 319 alloy solubilized at 480°C for 6 hr. 

The process of aging can be accelerated by increasing the temperature, but the maxi- 
mum hardness which can be obtained will be reduced with the increase of 
temperature, as coarser and more dispersed precipitates will be formed [76,77]. 

The stabilization (T7) treatment can have some advantages over the T6, among 
them is the reduction in residual stresses which is achieved as stabilization is con- 
ducted at higher temperatures (220-240°C) than T6 (150-180°C) [1]. Furthermore, 
the overaged treatment results in increased stability and performance when service 
involves exposure at elevated temperatures and to thermal fatigue [83]. 

5.3 Effects on Microstructure 

Solubilization of precipitated phases is not the only microstructure feature which 
change as the casting alloys are heat treated. It is known that the morphology 
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Figure 32 Spheroidization of Si platelets during solubilization. 


of intermetallic phases change when the alloy is treated at high temperature for long 
periods of time [53,84]. Their results indicate that the morphology of /1-phase 
platelets changes through concurrent fragmentation and dissolution at the plate tips, 
whereas a phase does not undergo any change. They conclude that temperature is 
more critical than time, once a minimum solution time is exceeded, and an optimum 
temperature of 535°C is quoted [84]. This temperature might be to high for an alloy 
containing any amount of the complex A^MgsC^Sie-CuAF eutectic, see Figs. 
23 and 24, and will be susceptible to an increase in porosity [53]. 

Solubilization contributes to modification of the Al-Si eutectic [45,48,85,86], as 
the sharp platelets of Si will be broken and rounded. Fig. 32, yielding to an increase in 
their roundness. Fig. 33, and in the mean free path between them [87], Fig. 34, which 
will contribute to improve physical [37,87,88] and mechanical [1,2,45-48,85,86] 
properties, but some troubles might arise during machining if the morphology of 
the silicon phase is fully rounded during heat treatment. 
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Figure 33 Change in roundness of silicon particles with time. 



Figure 34 Change in mean particle spacing between silicon platelets with time. 


6 COMPUTER MODELING 

Development of computer code to predict the behavior of a metal as it is poured in a 
mold has matured from an academic problem, in the early ’60s and ’70s, to a useful 
tool for the operating foundryman on the shop floor. Continuous improvement 
in hardware in terms of speed and cost have made this task easier, but there are 
still some limitations related to casting complexity, and to the amount of time 
involved in the numerous computations required to simulate the flow, cooling 
and solidification of a complex casting shape. 
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Modeling and simulation of a problem is based on the possibility of braking it 
into its components parts, which will be small enough to be understood in sufficient 
detail. The aspects of the different parts can then be researched in an individual 
way, and when sufficient understanding of these has emerged, and integrated model 
of the whole problem is build upon this new knowledge. The capability to reproduce 
the behavior of such a model will depend on how finely the mechanisms of the indi- 
vidual components are understood, however, the advantage of this type of models 
is that they can now be modified, improved or scaled without loss of accuracy. Now- 
adays it is possible to simulate the casting process by solving the momentum, energy 
and continuity equations to obtain the local velocities and temperatures of the metal 
as it flows in a mold. Several authors [88-97] have pointed out the applications of 
solidification modeling as well as its limitations and potentials. 


6.1 Modeling Heat Flow 

Evaluation of the heat flowing from the liquid metal into the mold has been from the 
beginning one of the most important tasks in the simulation of castings. Two major 
techniques, which are the finite difference method (FDM) and the finite element 
method (FEM) are commonly employed to solve heat transfer problems [89,92-96]. 
Both of them approximate the solution of differential equations of the initial-value 
or boundary type, which in the case of two-dimensional conduction is given by: 


dT _ d(a dT) d(a dT) 
d 1 dx 2 3y 2 


( 8 ) 


where T is the temperature, t the time, a the temperature dependent thermal 
diffusivity of the material, x and y are the spatial coordinates and Q represents 
the change in temperature in the material due to phase transformation, which, 
in the case of solidification, is given by [92]: 


Q = L 


dX 

Ji 


( 9 ) 


where X is the solid fraction and L is the latent heat. 

The FDM divides the solution domain into many smaller regions called cells 
and, the governing differential equation is converted into one in differences [98] 
which is applied at the centre of each cell. Figure 35 shows the case in which a body 
is divided into a number (m) of cells to solve the two-dimensional heat flow. 
Two schemes can be employed to evaluate the gradients within the body by 
transforming Eq. (8). The first one calculates the temperatures at the centre of a 
cell at the end of a given cycle of computation as a function of the temperatures 
of the surrounding cells at the beginning of the iteration, such changes are calculated 
by: 


T* - T. d rr b - 2 T a + T c T d - 2 T a + T e 
At 1 (dx) 2 (Sy) 2 


( 10 ) 
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Figure 35 Division of a piece to calculate two-dimensional heat flow. 


where At, 5x and 5y replace the differential terms 3 1, dx, 3 y, T a , T\» T c , T d and T e , are 
the temperatures at the centre of cells a, b, c, d and e, at the start of the iteration, T a * 
represents the temperature at the centre of cell a after At has elapsed: a is evaluated at 
T a . 

The second scheme calculates the temperature at the end of the iteration as a 
function of the temperatures at the end of the cycle of their surrounding neighbors: 


T* -T a [7? -27? + T* 7b - 2 T* + T* 

1 = a n 1 

At L (S x) 2 (Sy) 2 


( 11 ) 


The former one is known as the explicit formulation and has the advantage of being 
faster and easier to employ, the second one, implicit, requires that all the local 
equations are collected to form a system of algebraic equations, that also include 
the boundary conditions, in terms of the unknown variables. The values of these 
variables are found by solving this matrix system. One limitation of FDM is that 
curved boundaries cannot be adequately represented, and the software has then 
to use very small cells, which increase their number, and the time involved in 
the simulation of a single cast. 

The finite element method employs subdivision of the solution domain into 
regions of different elements of more convenient shapes (such as triangles and 
quadrangles) that are connected at their nodes. The method uses approximation 
theory to evaluate the behavior in each element and the action of the differential 
equations are approximated by their values at the nodes. The differential equations 
are transformed into finite element equations with the use of the variational principle 
or the weighted residual methods [99]. The local equations are collected to form a 
global system of ordinary differential or algebraic equations (incorporating the 
boundary conditions). FEM has the advantage over FDM that non-linear problems 
involving heterogeneous materials can be addressed. Curved and moving boundaries 
can also be modeled with FEM. 
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6.2 Fluid Flow Modeling 

For industries where different shapes occur frequently, and for large components 
where the fill-time is an important part of the solidification time, the thermal 
response of a mold or die is important to the thermal field of the liquid metal, 
and on its solidification and production of defects. Two different cases can be con- 
sidered, the first one in which very slow filling occurs and flow is nearly laminar 
and thermal conduction is dominant, and the more usual case where the effects 
due to turbulence should be taken into account. 

Fluid flow modeling might be the only way to know what is going within the 
mold, since it is difficult to make direct observations inside them, because the metal 
and mold are opaque, the temperature is high and the conditions are far from 
stationary. Moreover, modeling can give information about velocity and pressure 
gradients within the molten metal, which cannot be obtained by direct observation. 

When direction of flow is dictated by geometry, as in the case of flow in sprues, 
runners and gates, the computational techniques more employed are those based on 
energy balance, whereas modeling flow in open cavities requires the solution of 
the Navier-Stokes equation by the momentum balance method [90,91,95]. 

Fluid flow within a cavity during filling is transient, the amount and location of 
liquid changes rapidly with time, and the location of the free surface should be an 
integral part of the calculations. Most of the software developed to account for 
the location of the free surface are based on the Mark and Cell algorithm 
[90,91,93,95]. This method divides the system into a number of cells, and sets a series 
of imaginary markers (or fluid function values) are introduced to represent the 
location of the fluid at any instant. The velocity field of the fluid is calculated 
and the markers are moved (or the fluid function is updated) to separate the regions 
considered to be filled by the liquid from those empty. The procedure is repeated 
from the beginning, when the cavity is empty, until it is filled. Figure 36 shows 
an example of such when the boundary is delimited by fluid function values. 

6.3 Microstructural Evolution 

Casting is the unusual manufacturing process in which modeling activities are well 
developed at different scales for the multiple physical mechanisms and processes 
involved: nucleation, dendritic growth, liquid flow through semi-solid dendrites, 
latent heat evolution, etc., although not all the mechanisms are as well developed 
in all alloys [92,94,96]. 

Shaped casting thus provides an excellent illustration of a manufacturing pro- 
cess where modeling has produced a very wide variety of scientific and industrial 
tools. Casting has to couple macroscopic modeling of geometric shapes with 
micro-models of materials processes. For a shaped piece, its morphology itself is 
a property of interest only at sizes above 1 mm, whereas growth of nuclei involve 
phenomena at atomic scales [92,94,96,100-102], 

6.3.1 Nucleation 

Nucleation modeling depends on the alloy and the casting procedure, if the 
nucleation potential of the alloy cannot be controlled within a small range then 
no model will be of much help. If nucleating agents are added the availability of 
nucleating sites will depend only on the distribution and movement of these particles 
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Figure 36 Positioning of the liquid boundary obtained with the fluid flow function (0 = full, 
1 = empty). 


and not on any stochastic process [96]. Only recently have modeling algorithms been 
developed to predict the probability of individual nucleation colonies, so an overall 
behavior can be deduced from modeling such events [100]. 


6.3.2 Growth Models 

Modeling growth of individual microstructural features involve different scales, a 
grain is an order of magnitude larger than the primary dendritic spacing, which 
is also an order of magnitude larger than the secondary arm spacing. Modeling 
of the shape of dendrites has been conducted at scales of less than 10 /an and repro- 
duces stable and unstable behavior and the transition between cellular and dendritic 
growth patterns [103,104], which has been incorporated into a physical-based 
dendrite model [100]. 

Growth models are required to obtain more sophisticated transport 
solidification models which are based on experimental data or in simple 
solid-fraction latent heat models. A series of attempts have been made to predict 
grain formation and growth since the original work by Scheil [105]. A particular 
problem when modeling growth is that of impingement, since a dendrite, grain 
or colony will be able to enlarge as long as it does not touches another growing 
structure. 


6.3.3 Defect Prediction 

Shaped castings commonly contains fluids, so the most important defects are those 
which can lead to leaks, either by loss of strength of directly through pores or pits 
near the surface. It is common practice to predict porosity based on the criterion 
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proposed by Niyama et al. [106]: 


N = 


G 

^05 


( 12 ) 


where N is an index which will indicate the occurrence of porosity when a critical 
value is exceeded, G is the maximum thermal gradient computed between a cell 
or element (depending if FDM or FEM is employed) and its neighbors, and R 
the cooling rate at the cell or element, it should be mentioned that both R and 
G are those at the solidus temperature. A disadvantage of such criterion is that 
porosity can only be determined in the piece after the simulation has finished, 
and not during modeling, which might affect the results since porosity will affect 
heat transfer in the volume surrounding it. 


6.4 Interfacial Effects 

As liquid metal is poured into a mold, it will establish intimate contact with the walls, 
where heterogeneous nucleation will be promoted, and the solid microstructure will 
start to develop. Fleat transfer to the mold will not only be controlled by the 
thermophysical properties of the material from which the mold is made, but also 
by the type of coating or paint used to protect the wall and avoid adhesion between 
the liquid alloy and the mold. 

The heat transfer conditions during solidification are complex because the 
boundary conditions change with time. As the metal solidifies, it shrinks, forming 
an air gap at the interface, which reduces the heat transfer rate [107-110], but also, 
solidification proceeds through a series of reactions which result in different 
microstructures, each of them with different properties, for instance, it is known 
that thermal conductivity is higher for solid aluminum than liquid [111]. 

Figure 37 [110] plots the heat transfer coefficients, as a function of time and 
temperature, which were found in a series of experimental trials carried out with 
an hypoeutectic Al-Si alloy cast on top of a steel plate, which was protected by either 
of two different paints (ceramic and graphite), and was cooled at its bottom either 
with water or air. The values recommended by a developer of computer code [112] 
are included for comparison. 

The variation of the heat transfer coefficient shown in Fig. 37 can be 
rationalized in terms of the diagram shown in Fig. 38. The low heat transfer rates 
found at the early period of solidification can be due to the lower conductivity 
of the liquid as compared with the solid (a). The transfer rate will be increased 
as the dendritic network develops (b), because nucleation occurs at the interface 
and, as the individual dendrites grow and develop the secondary branches, the 
transfer rate will be enhanced. The decrease in the heat transfer coefficient as 
the eutectic starts to form (c) might be due to shrinkage of the solid crust, the estab- 
lishment of a layer of lower thermal conductivity (since thermal conductivity of 
Si is lower than that of the Al), or by the heat evolution produced by this reaction. 
Once the interfacial layer has fully developed, the transfer rate will decrease as 
the gap generated by the shrinkage grows (d). 
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Figure 37 Heat transfer coefficients at different interfaces found when casting an aluminum 
alloy on top of a metal mold. (From Ref. 1 10. Data from Ref. 1 12 is added for comparison.) 


6.5 A Simulation System 

A casting simulation system should consist of three distinct components: 

• Pre-processing. 

• Processing. 

• Post-processing. 

The first step to simulate casting is the simplification of the physical phenom- 
ena by realistic assumptions and basic observations. This step is conducted during 
pre-processing by taking a solid model of the piece to be simulated, the model is 
then divided into small pieces (cells or elements) of appropriate shape. The 
thermophysical properties of the liquid, as well as of those other materials forming 
part of the mold are set, this can be done by a series of tables in which the tem- 
perature dependence of the variable is interpolated, or by the introduction of dif- 
ferent parametric equations. The boundary conditions can also be set in the 
same way, see Fig. 37. The time required in the simulation can be shortened in pieces 
in which a symmetry plane is found. Figure 39 shows, as an example, the numerous 
small cells into which a cylinder head should be divided to simulate its casting. 

Processing implies the solution of the different set of equations employed to 
model the casting problem. A comprehensive model should account for fluid flow 
and heat transfer during filling the mold, fluid flow, heat and mass transfer during 
solidification, as well as the thermal and mechanical stresses developed during 
cooling. These macro-scale phenomena should be coupled with micro-scale 
mechanisms (nucleation, growth, segregation, etc.) to obtain sensible results. 

Post-processing in mathematical modeling and computer simulation is 
normally referred to the activities involved in assembling the data produced during 
processing in order to visualize the process, an example of such is shown in Fig. 40, 
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Mould 


Dendrites 


Solidification mechanisms which affect the heat transfer rate to the mold. 
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in which the thermal field obtained during solidification of the piece shown in Fig. 39 
are plotted. 


7 NOVEL PROCESSES 

Continuous development of castings in order to obtain better properties and reduce 
processing costs and times has resulted in different non-traditional processes, among 
them, the most important are semisolid or slurry processing and particle reinforced 
casts. 

7.1 Semisolid Processing 

Metals are traditionally processed either in liquid or solid state. Processing metals 
while there are a mixture of solid particles dispersed in liquid is a relatively new 
technology which is experiencing a rapid growth [113,114]. Processing of materials 
in semisolid state offers distinct advantages over similar net-shaping methods. These 
benefits arise from the rheologic properties of the material which lie between those of 
a pure liquid and a pure solid. Two distinctive names are given to the process 
depending on whether the material is injected into a die (thixocasting) or shaped 
between closed dies (thixoforming), Fig. 41. 

The raw material in these processes is melted and allowed to cool and solidify 
while its structure is altered by mechanical or electromagnetic means. The process 
at this stage is called rheocasting since the melt is Theologically manipulated during 
the liquid-solid transformation. The parts being prepared in this way are then 
reheated to a temperature in the mushy region and processed into complex shapes. 

Semisolid processing offers several advantages over liquid metal processes, 
among them are the reduction in porosity as the liquid fraction to solidify is just 
a fraction, the heat to extract from a piece is less, which allows for higher pro- 
ductivity and shorter cycles, the semisolid metal has a higher viscosity than the 


Tixof orming 



Figure 41 Schematic diagrams of the thixocasting and thixoforming processes. 
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liquid, which allows for filling the die cavity in a non-turbulent fashion, minimizing 
the potential for entrapping air. These characteristics allow for production of press- 
ure tight and structural components employed in the automotive industry [115]. 


7.2 Particle Reinforced Castings 

Castings reinforced by particles are special formulations of one or more materials in 
liquid metal in which tailored properties are achieved by systematic combination of 
different constituents. Modern reinforced castings differ from traditional processes 
in the sense that any volume, shape or size of reinforcement can be introduced into 
the material [116,117], Table 8. 

A basic requirement for processing these materials is the intimate contact and 
bonding between the reinforced particles and the molten alloy. This is achieved 
by mixing the dispersoids into the melt or by pressure infiltration of molten alloys 
into preforms of a ceramic phase. Due to the poor wetability of most ceramics 
by molten metals, intimate contact between particles and alloy can be promoted 
by using external forces. Various mixing techniques have been developed to intro- 
duce the dispersoids in the melt, among the most used are: addition of particles 
to a vigorously agitated bath, gun injection of particles in the melt, additions of 
powders to ultrasonically or electromagnetically stirred alloy, and centrifugal dis- 
persion of particles in a melt. 

Aluminum alloys have been used as matrix materials in a wide variety of com- 
posites containing graphite and ceramic particles, glass microspheres and ceramic 
fibers [117]. The microstructures of these aluminum-silicon hypoeutectic alloys, Fig. 
42, show that the primary aluminum dendrites avoid the added particles (graphite 
and silicon carbide in this case), and they grow by rejecting solute into the melt, 
while the ceramic particles will restrict diffusion and fluid flow. Primary silicon 
and the eutectic aggregate, in the other hand, will tend to concentrate on the particle 
surface [116]. 


Table 8 Dispersoid Used in Cast Aluminum Alloys [116,117] 


Dispersoid 

Dispersoid size (fim) 

Amount of dispersoid (%) 

Graphite flakes 

20-60 

0.9-1 

Graphite granules 

15-100 

1-8 

Alumina particles 

3-200 

3-30 

Silicon carbide particles 

16-120 

3-20 

Silicon carbide whiskers 

5-10 

10 

Mica 

40-180 

3-10 

Silica 

5-53 

5 

Zircon 

40 

0-30 

Magnesia 

40 

10 
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Figure 42 Micrograph of an Al-Si hypoeutectic alloy to which graphite and silicon carbide 
particles were added. 
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Molten Metal Processing 


RYOTATSU OTSUKA 

Showa Aluminum Corporation, Sakai-shi, Osaka, Japan 


1 INTRODUCTION 

Virgin molten aluminum produced by Hall-Heroult process contains Fe, Si, Zn, Ga, 
Na as major impurity elements, Ti, V, Mn, Cu, Mg, B as minor one and AFO 3 , 
AI 4 C 3 , VB et al. as inclusions. Na is usually removed by Cl 2 gas or N 2 + C1 2 gas 
fluxion into virgin molten aluminum in smelter-based cast house because a few 
ppm Na in Al-Mg alloy induces cracking during hot working. The primary alumi- 
num produced by smelter is usually about 99.50-99.85% pure, and a small amount 
of 99.85-99.96% pure aluminum can be produced from a few electrolysis cells 
operated carefully. Primary aluminum can be refined to 99.990-99.998% purity 
by three layer electrolysis process in a fused salt mixture. Three layer electrolysis 
and Na removal treatment are both smelter-based molten aluminum processing. 
Pure aluminum of 99.99% is mostly utilized as foil material for capacitors. Recently, 
several segregation (fractional solidification) methods which are superior on cost 
performance of purification process, have been developed and 99.98-99.996% pure 
aluminum purified by those solidification processing has come to be utilized for 
capacitor instead of three layer electrolysis aluminum. Ultra purity aluminum over 
99.9990% can be made by zone-melting. Molten primary aluminum for electronic 
wire is treated by B addition for the purpose of Ti and V removal because Ti 
and V in solid solution remarkably reduces the electroconductivity of aluminum. 
Aluminum is very reactive and the chemical reaction between aluminum and water 
vapor generates hydrogen gas at high temperature. This is the source of hydrogen 
dissolved into aluminum. Hydrogen solubility in aluminum is determined by an equi- 
librium relationship between hydrogen concentration in aluminum and hydrogen gas 
partial pressure in ambient atmosphere. Hydrogen solubility in solid aluminum is far 
smaller than in liquid aluminum. Therefore, excess dissolved hydrogen in molten 
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aluminum over solid solubility forms hydrogen gas pores during solidification, or is 
frozen into super saturated hydrogen solid solution. Excess hydrogen frozen into 
solid solution heterogeneously precipitates to make gas pores during some heat treat- 
ment of cast product. These gas pores impair the strength, ductility and the cutting 
surface quality of cast product. This is the reason why the melt treatment to remove 
hydrogen gas is necessary at cast house. The removal of inclusions at cast house 
is also necessary to assure the quality of aluminum products because inclusions 
impair the mechanical property and cutting surface quality of the material. Many 
ways of the melt treatment to remove hydrogen gas and inclusions in aluminum 
have been developed. Particularly, the development of the process of inert gas dis- 
persion into molten aluminum by a rotating nozzle (Union Carbide is the first devel- 
oper in 1976) innovated the current way to remove gas and inclusion in the cast house 
of the aluminum industry, because of its high efficiency, low cost performance and 
environmental improvement. Filtration method of molten aluminum for inclusion 
removal has been available from long ago. The technological innovation in this area 
is due to the development of the new material for filtration such as foamed ceramics 
and bonded particle media, and the improvement of the reliability of filtration with 
the development of a quantitative analyzing method for inclusions. The 
above-mentioned processes of molten aluminum have the same purpose of 
"Refining.” Grain refining is another type of solidification processing by which fine 
grain size after solidification can be obtained. Fine grain size is necessary to avoid 
solidification cracking. Modification treatment by a small amount of Na or Sr 
addition to Al-Si foundry alloy is necessary to obtain fine eutectic micro structure 
as solidified. Such a micro alloying effect to cast structure is also observed in 
intermetallic phases( Al x Fe y ) appearance of commercial pure aluminum for anodized 
panels. As mentioned before, several types of molten metal processing such as 
segregation, grain refining, modification and micro alloying may not be defined 
as molten metal processing but as solidification processing. So, the author here 
focuses on the melt treatment for refining such as hydrogen removal, inclusions 
removal and alkali elements removal from molten aluminum. Molten metal 
processing plays a very important role in the aluminum industry and the develop- 
ment of new process technology has made a great impact on the cost performance 
and the quality assurance of aluminum products. 


2 REMOVAL OF DISSOLVED HYDROGEN FROM MOLTEN ALUMINUM 


2.1 The Source of Dissolved Hydrogen in Molten Aluminum 

Only one element of dissolved gas component in aluminum is hydrogen. Hydrogen in 
molten aluminum (H) has an equilibrium relationship with hydrogen gas in ambient 
atmosphere. 

H = \ H i(gas) ( 1 ) 


Equilibrium constant (Ah) of eqn (1) is 




P H 2 

/h[% H] 


( 2 ) 
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Figure 1 Solubility of hydrogen at 1 atm in 99.9985% pure aluminum. (From Ref. 1.) 


where /h is the activity coefficient of hydrogen in aluminum, [%//] is the hydrogen 
concentration in aluminum and P \\2 is the partial pressure of hydrogen gas in 
the atmosphere. Figure 1 [1] shows the equilibrium hydrogen concentration in pure 
aluminum with hydrogen gas of 1 bar. (It means the solubility of hydrogen into 
aluminum under the atmosphere of hydrogen gas partial pressure of 1 atm. ) Alumi- 
num reacts with water vapor at high temperature and generates hydrogen gas. 

3H 2 0 (g) + 2A1 = A1 2 0 3 + 3H? (g) (3) 

This hydrogen gas is the source of hydrogen in aluminum. In the cast house of 
aluminum industry they often in humid hot season experience more troubles on cast 
quality for the dissolved hydrogen in the melt. This is due to the chemical reaction 
[Eq. (3)] between water vapor of higher partial pressure in ambient atmosphere 
of humid hot season and molten aluminum. TA Engh [2] proposed the numerical 
model of hydrogen pick-up from water vapor and he suggests the hydrogen concen- 
tration in molten aluminum which is kept for long time under the atmosphere 
of a constant water vapor pressure (p H 2 o) should attain to the calculated value. 
In this model (Fig. 2), at the interface between molten aluminum and atmosphere, 
Engh looks at various steps involved as follows. Water vapor diffuses through 
the boundary layer to be adsorbed at the metal surface, the adsorbed molecules 
reacts with aluminum [Eq. (3)], hydrogen molecules are desorbed from the surface, 
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[*H] 


Figure 2 The mechanisms for hydrogen dissolution into the molten aluminum from 
moisture in the atmosphere. (From Ref. 2.) 


hydrogen molecules diffuse back out of the boundary layer, hydrogen molecules 
dissociate and form atomic hydrogen on the surface, hydrogen atoms diffuse 
through the metal boundary layer. By mathematical analysis of each steps using 
mass transfer coefficients k at gas-melt interface and the equilibrium constant 
for Eq. (3) in the surface layer, the partial pressure of hydrogen gas (pa 2 ) at the 
interface is given by 


^'h,o 

Pu 2 = f ; H 2 o 

K h 2 


( 4 ) 


where k H 20 , km are mass transfer coefficients for H 2 0, H 2 in gas andp H 20 is the 
partial pressure of H 2 0 in the atmosphere. Therefore, the hydrogen concentration 
in molten aluminum ( [%//] /) which is kept under the atmosphere of P H2 o for long 
time is calculated from Eq. (2). 


[%H\, 


1 

,/h^h 


^h 2 oPh 2 o 

&H 2 


( 5 ) 
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The mass transfer coefficients &h 2 o and ku 2 can be shown to be proportional to 
the square root of the diffusion coefficients in air, D h 2 o and Z>h 2 - Therefore, 


[%H\, 


/h*h 


N 


P h 2 o. 




D 


h 2 


( 6 ) 


The diffusion coefficients in air are T>h 2 o=0-239 cm 2 /sec at 8°C and Z>h 2 =0.634 
cm 2 /sec at 0°C [3]. As a first approximation it is assumed that their ratio do 
not change significantly with temperature. So, we can obtain Eq. (7). 

0 783 

[% H], * (7) 

rCH 


There are few papers [4-6] which deal with the experimental result of the 
hydrogen concentration dependence on .Ph 2 o- Otsuka (6) made an experiment to 
determine the hydrogen pick up of the molten pure aluminum from the water vapor 
of P h 2 o in the ambient atmosphere. Figure 3 shows the experimental apparatus 
which can keep the molten metal in the atmosphere of a constant partial pressure 
of the water vapor. The water vapor partial pressure Ph 2 o was controlled by blowing 
the dry gas (air or inert gas) of which the dew point is below — 60°C through the 
molecular sieves (in the case of dry air) or the humidified gas through the pure water 
into the stainless steel box, and the value of .Ph 2 o above the melt surface was deter- 
mined by the measurement of the dew point of the gas blew out of near the melt 
surface in the box. The temperature of the melts were controlled to 675±5°C, 
700±5°C or 750±5°C. The molten aluminum of 99.99% pure in the high purity 
alumina crucible (inner dia 80 mm, height 170 mm) was held in stationary state 
or stirred state by the rotating graphite impeller (dia. 45 mm, height 30 mm) at 
530 rpm. The hydrogen concentrations of the molten aluminum before and after 
the treatments were measured by the nitrogen fusion method (I THAC-2002 manu- 
factured by ADAMEL LEIOMARGY was used.) for the carefully machined cylin- 
drical samples from the ingots solidified into the Ransley’s mould. Figure 4 
shows the experimental result of the hydrogen concentration change in the molten 
pure aluminum which was held at 700°C in the dry air atmosphere with 1.7xl0~ 4 
atm of ;; H ,o (Ph 2 o in the usual air in Japan is about 1.5xl0 _3 -3.0xl0~ 2 atm). 
The hydrogen concentration of the stationary melt slowly decreases, and after long 
time holding more than 300 min it looks like to attain a constant value which 
may be same as the equilibrium value of hydrogen concentration (0.07 m i/ioo g N 
0.07p. p . m .) which had been attained after about 50 min holding while stirring the 
melt by rotating impeller. Figure 5 shows the time dependence of the hydrogen con- 
centration in the stirred molten aluminum under the air atmospheres containing 
various amounts of water vapor. The hydrogen concentration of molten aluminum 
attains to the equilibrium value depending on P H2 o irrespective of whether the initial 
hydrogen concentration is lower or higher than the equilibrium one. The relation- 
ships between .Ph 2 o and the attained equilibrium hydrogen concentration 
([77e]mi/ioog) at 675°C, 700°C and 750°C are nearly linear on log-log scale when 
PhiO is below 1.7 x 10 -2 atm as shown in Fig. 6. The correlative equations calculated 
are as follows. 
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Dry air. Humid air, Ar et ai. 



Figure 3 The experimental apparatus for the investigation of hydrogen dissolution into the 
molten aluminum in the high purity alumina crucible (inner dia. 80 mm, inner height 1 70 mm) 
from moisture in the atmosphere. (From Ref. 6.) 


At 675°C 

[ H e \ — 3.17/>h 2 o °' 470 (8) 

At 700°C 

[H e \ — 3.49/; H2 o 0453 (9) 

At 750°C 

[H e ] = 3. 16;;h 2 o 0387 (10) 

Figure 7 shows the linear relationship between log [i/ e ] and 1000/ T ( T is the tem- 
perature of melt ) at the constant value of / > h 2 o- The activation energy of hydrogen 
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Figure 4 Hydrogen concentration change in molten 99.99% A1 at 700°C under the dry air 
atmosphere of P H ,o = 1.7 x 10~ 4 atm. (From Ref. 6.) 


solution from water vapor was calculated to be 38806 cal/mol, 30977 cal/mol and 
19467 cal/mol on each case of l.OxlO -2 , 10” 3 and 10~ 4 atm of Ph.o- They are 
in rough agreement with the activation energy of hydrogen solution from hydrogen 
gas, 28258 cal/mol [7]. These experimental result suggests the pick up of hydrogen 
from water vapor may occur by the model proposed by Engh and it is limited 
by slow mass transfer of hydrogen in molten aluminum to the surface, although 
these experimental values of the equilibrium hydrogen concentration is lager than 
the calculated value by Eq. (7). It is supposed the oxide film of molten aluminum 
surface may affect the hydrogen pick up of molten aluminum, because the equilib- 
rium hydrogen concentration with .Ph 2 o in inert gas atmosphere of N 2 or Ar is lower 
than in air atmosphere and it is attained earlier than in air atmosphere as shown in 
Fig. 8. 


2.2 The Principle of Hydrogen Removal from Molten Aluminum 

The removal of hydrogen from molten aluminum is based on the equilibrium 
relationship between the hydrogen in molten aluminum and the hydrogen partial 
pressure in ambient atmosphere as Eq. (2). That is 

Kyi 

[%H] = H vpb; 

J H 
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Figure 5 The time dependence of hydrogen concentration in stirred melt of 99.99% A1 
under the air atmospheres containing various amounts of water vapor. (From Ref. 6.) 

It means that when the molten aluminum is kept under the inert gas 
atmosphere, in the vacuum in both of which = 0 is formed, or injected inert 
gas bubbles which have no hydrogen gas (Ph 2 = 0) before the injection, the hydrogen 
in the molten aluminum diffuses to the melt surface and transfers to the gas or the 
vacuum. The activity coefficient of hydrogen / H (fn — 1 for pure aluminum) may 
change with alloying elements such as Si, Cu, and Mg. Therefore, the solubility 
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Figure 8 The time dependence of hydrogen concentration in stirred melt of 99.99% A1 
under the inert gas atmospheres containing various amounts of water vapor. 


of hydrogen in pure aluminum may be different from aluminum alloy and the easi- 
ness of hydrogen removal will depend on alloy species. The value of / H for an alloy 
can be estimated by the calculation using interaction coefficients in liquid Al-H-i 
alloys [8,9]. Table 1 shows the calculated / H of several molten alloys [10]. As shown 
in Eq. (7) or Eqs. (8), (9) and (10), it is also very important for the hydrogen removal 
that the hydrogen pick up from water vapor should be avoided. Then, in the molten 
metal processing for hydrogen removal, the water vapor partial pressure in the 
atmosphere, the purge gas and the crucible material must be as small as possible. 


2.3 The Molten Metal Processing for Hydrogen Removal 

The current worldwide technology for hydrogen removal from molten aluminum is 
the inert gas purging method by rotating nozzle. In the history of aluminum industry, 
CI 2 or CE + N 2 gas purging by lance pipe was the usual way for hydrogen removal. It 
is clear from the thermodynamic calculation of the Gibbs energy change of the 
chemical reaction between Cl 2 and H in the melt that Cl 2 gas does not react with 
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Table 1 Calculated Values of Hydrogen Activity Coefficient (/ H ) in 
Molten Aluminum Alloys 

Alloy fa 


Pure A1 1.00 

AA No. 6063 (Al-0.6% Mg-0.4% Si) 1.01 

AA No. 3003 (Al-1.2% Mn-0.2% Si) 1.21 

JIS AC7A (Al-5.0% Mg-0.4% Mn) 0.94 

JIS AC8C (Al-11% Si-2. 9% Cu-1.2% Mg) 2.03 

AA No. 5052 (Al-2.5% Mg-0.2% Cr) 0.94 

AA No. 6061 (Al-1.0% Mg-0.6% Si-0.2% Cu) 1.03 

AA No. 1100 (Al-O.55% Fe-0.13% Si) 1.04 

AA No. 2017 (Al-3.8% Cu-0.7% Mg-0.5% Si-0.7% Mn) 1.46 


Source: Ref. 10. 


H in molten aluminum to give HC1 (gas) but reacts with molten aluminum to give 
AICI 3 (gas above 183°C). They might have thought CI 2 gas purging is effective 
for hydrogen removal due to HC1 formation, but the mechanism of hydrogen 
removal is only due to hydrogen diffusing out of molten aluminum into AICI 3 
gas bubbles, similarly as in the case of inert gas purging into molten aluminum. 
However, it should be noticed the size of gas bubbles in molten aluminum from 
lance pipe is smaller in the case of CI 2 gas purging in comparison with inert gas 
purging, and it may be due to the reduction of gas-metal surface tension in the case 
of AICI 3 gas and the high heat of formation of AICI 3 gas [11]. 

As described later, Cl 2 gas is effective on the removal of Na and oxide inclusion 
from molten aluminum. However, because of air pollution by CH, N 2 gas purging for 
hydrogen removal was investigated instead of Cb and gas purging by porous plug to 
give fine gas bubbles into molten aluminum was tried for the improvement of 
hydrogen removal efficiency. The efficiency of hydrogen removal by the inert 
gas purging have been drastically improved since the first inert gas dispersion process 
into molten aluminum by spinning nozzle (SNIF) had been developed in 1976 [11]. 
The gas dispersion into molten aluminum by SNIF is schematically shown in Fig. 
9. The gas injection apparatus (U.S.Pat. 3743263, 1973) of SNIF is comprised 
of a stationary sleeve and a vaned rotor. The shaft driving an impeller is surrounded 
by a stationary sleeve. The lower part of the sleeve is expanded into a stator head 
which is partly slotted at regular intervals. Metal penetration is prevented by 
the pressure of the sparging gas. This gas enters the molten aluminum through a 
clearance between stator and impeller (rotor). The small gas bubbles (1-10 mm) 
produced by shear and collision with the vanes of the rotor are uniformly dispersed 
in the entire body of the metal. The efficiency of degassing depends on the inert 
gas-metal interfacial area and the inert gas-metal contact time. The minimum inert 
gas consumption which means maximum efficiency can be approached by providing 
a high specific interfacial area (surface to volume ratio) and sufficiently long contact 
time. SNIF can disperse far smaller sizes and larger numbers of bubbles than porous 
plugs, and the inert gas atmosphere of a positive pressure relative to the ambient 
pressure in the closed chamber prevents the infusion of water vapor into the 
chamber. Figure 10 shows the apparatus of SNIF for in-line refining which is located 
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Figure 9 Ar gas bubbles dispersion into molten aluminum by SNIF rotor. (From Szekely, 
1976.) 



Figure 10 SNIF in-line apparatus. (From Szekely, 1976.) 
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GospurgingtimG [seconds] 


Figure 1 1 Hydrogen removal by gas purging with lance, porous plug and impeller in 200 kg 
melt of Al-7% Si-0. 5% Mg for the same gas flow (6 1/min). (From Ref. 12.) 


between holding furnace and casting station in the cast house of aluminum rolling 
company. Sigworth and Engh [8] presented a mathematical analysis of the kinetics 
of hydrogen removal by inert gas purging. Engh and Pedersen [12], and Engh [13] 
presented a model of hydrogen removal from molten aluminum by gas purging 
which includes hydrogen pick up from humidity (water vapor) above the melt. That 
is, Reduction of content of hydrogen in batch (not in-line) = Hydrogen transferred 
to bubbles + Hydrogen transferred to atmosphere at bath surface. The theory 
(calculated result) was compared with the experimental result of the hydrogen 
removal for Al-7%Si-0.5% Mg in a 200 kg furnace using lance, porous plug and 
spinning nozzle (SNIF). It is shown in Fig. 11. Figure 12 shows the calculated curves 
of hydrogen removal by spinning nozzle with different melt surface conditions of 
hydrogen pick up. The surface completely exposed to air picks up hydrogen from 
water vapor as was given in Sec. 2.1. When the atmosphere above the melt is covered 
with a lid, there should be little or no hydrogen pick-up from the air. When the 
surface is blown by inert gas, [%//]/ ss 0 (see Eq. 5). Those calculated curves suggest 
SNIF can decrease the hydrogen concentration in molten aluminum to be below 0.01 
ppm (0.011 ml/ 100 g), however, actually, the hydrogen concentration can not be 
decreased below 0.05 ppm. 

Usually it is very difficult to remove moisture perfectly from the atmosphere in 
the chamber because of the difficulty for perfect sealing (preventing air penetration) 
and the difficulty for the removal of the moisture adhered physically or chemically 
to the material of the chamber or the crucible. In the case of SN IF the inlet of molten 
aluminum is not sealed and a little amount of air can enter into the chamber even if a 
positive pressure of inert gas atmosphere is effective to prevent air infusion from the 
ambient atmosphere (see Fig. 10). That is the reason why the actual result differs 
from the calculated result. SNIF can also remove solid particles from molten metal 
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Figure 12 Calculated curves for hydrogen removal with, (a) surface completely exposed 
against air; (b) a lid; (c) blowing inert gas on the surface (combined with a lid). (From Ref. 
12 .) 


by flotation [11] as described later and it was the innovative refining process for 
molten aluminum. However, it is a sophisticated and big apparatus (big holding 
capacity of molten metal in the reactor is necessary for in-line melt treatment.) which 
is suitable for the refining of a large amount of one species of molten alloy without 
changing the species of molten alloy in the chamber. Therefore, SNIF was installed 
mainly in the cast house for a large amount of can body sheet alloy (AA No. 3004) 
which should be enough refined to remove gas and inclusion in order to obtain high 
ductility in sheet-forming (drawing). After SNIF, Pechiney and Showa have devel- 
oped new refining processes by rotating gas injector, AlPur (Fr. Patent no. 8116735) 
and GBF (U.S. Patent 4611790, 1986). The rotor and the treatment box of AlPur are 
shown in Fig. 13. AlPur in-line process has a tilting device for emptying the box in 
order to be easy for the change of molten metal refined and simple system for clean- 
ing by dross removal (to open the lid). 

The degassing efficiency of AlPur in-line process ([% 77]i n iet — [%77] ou tiet / 
[%H\ i n iet) depends on inert gas (gas injected) flow rate and rotating speed (100-250 
rpm) of gas injector as shown in Fig. 14 [14]. In inert gas dispersion process the 
real efficiency of gas removal should be evaluated both by the reduction rate 
and the attainable minimum hydrogen content under the atmosphere which has 
;;h 2 o of water vapor partial pressure above the melt surface. GBF which is a molten 
metal processing under the air atmosphere has been developed by studying chemical 
engineering for effective chemical reaction between gas and liquid. Figure 15 shows 
dispersed bubbles around rotating cylinder when N 2 gas is injected into near the 
center of bottom surface of rotating cylinder in the water (Jap. Pat. 529603). Large 
spherical cap bubbles circulate and ascend around the rotating cylinder, and near 
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1 Gas inlet 

2 Metal inlet 

3 Metal outlet 


Figure 13 AlPur rotary mixer and treatment boxes. (From Ref. 14.) 



Figure 14 Degassing efficiency curves by AlPur rotary mixer; dependence on inert gas flow 
rate and rotating speed. (From Ref. 14.) 
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Figure 15 N 2 gas bubbles dispersion in water by rotating cylinder (diameter = 50 mm, 
height = 80 mm, rotating speed = 1000 rpm). (From Ref. 10.) 


the half height of the cylinder they look to be finely dispersed centrifugally after being 
sucked to the cylinder surface. Water flow pattern around the rotating cylinder as 
shown in Fig. 16 looks to be same as typical flow pattern in baffled tank with turbine 
positioned on center [15]. It is revealed that bubbles on water flow is finely torn off by 
a vigorous turbulent flow toward centrifugal direction near the half height of the 
cylinder surface where down and upward flow collide with. It was found small height 
and large radius of cylinder, positioned near bottom was effective for more fine dis- 
persion of bubbles, and a practical rotor (Jap. Pat. 1375860) as shown in Fig. 
17 has been developed after many trials of various disk-like rotors. Figure 18 shows 
dispersed bubbles in the water by GBF rotating injector. Bubble size is small (1-4 
mm dia.) and bubble dispersion is uniform throughout the water. Assuming bubble 
size in molten aluminum is nearly twice in water as Engh et al. [12] described, 
the size of dispersed bubbles into the melt by GBF may be about 2-8 mm diameter. 

Baffle plate shown in Fig. 17 suppresses circulative flow and vortex around 
rotating shaft to form upward flow near baffle. Baffle plate is effective for mixing 
of the melt and the flotation of inclusion by forced upward flow as described later. 
Figure 19 shows the hydrogen removal result from molten Al-7% Si-0. 3% Mg 
by GBF under the air atmosphere in which P H ,o is 1-0x10 2 -1.5xl0 2 atm (500 
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Figure 17 Schematic diagram of GBF method. (From Ref. 10.) 
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Figure 18 Ar gas bubbles dispersion into water by rotating GBF nozzle. (From Ref. 10.) 



Figure 19 Hydrogen removal from molten Al-7% Si-0. 3% Mg alloy by GBF treatment and 
hydrogen removal from Al-7% Si-0. 5% Mg by SNIF nozzle or porous plug. (From Refs. 10 
and 12.) 
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Figure 20 Experimental apparatus for GBF melt treatment in conditioned atmosphere of 
optional partial pressure of water vapor (Ph 2 o)- (From Ref. 10.) 


kg of molten metal, 20 1 / min of Ar flow rate ). The result by SN IF nozzle and porous 
plug in Fig. 11 was also shown in Fig. 19 for the comparison of hydrogen removal 
effect, although Ar flow ratio is 0.4 1/min per kg molten metal (GBF) and 0.3 1/min 
per kg molten metal (SNIF). The influence of ;; H ,o in the ambient air atmosphere 
to the hydrogen removal by GBF was examined by the experimental apparatus 
as shown in Fig. 20. The value ;; H , o in the box of the apparatus was controlled 
by the flow rate of the dry air of which the dew point was below - 60°C through 
the molecular sieves. The result for 99.99% A1 is shown in Fig. 21 . On the production 
of 99.99% A1 foil for capacitor, hydrogen gas pores (Fig. 22) in casted slab after 
homogenization heat treatment at 600° C may be the origin for the cracking during 
hot rolling. Such pores in high purity aluminum ingot are formed by the annihilation 
of micro porosities ( which may involve hydrogen gas) and the precipitation of excess 
hydrogen over the solubility (0.03 ml/ 100 g at 600°C [1]) at the grain boundary which 
may disappear or rearrange by recrystallization during homogenization heat 
treatment. It is known by our experience that the hydrogen content which does 
not induce hot cracking should be below 0.10 ml/ 100 g. Therefore, the hydrogen 
removal from 99.99% A1 by GBF must be done under the dry air atmosphere of 
dew point below — 6°C(/>h 2 o < 3.8 xlO -3 atm). Hydrogen removal result for several 
alloys by GBF under near the same air atmosphere of p Kl 0 is shown in Fig. 23 
(AC7A and AC8C by Japan Industrial Standard are the casting alloys of Al-5.0% 
Mg-0.4% Mn and Al-11% Si-2.9% Cu-1.2% Mg, and 3003 by AA No. is Al-1.2% 
Mn-0.2% Si-0. 1% Cu.) and in Fig. 24 (5052, 6061, 1100 and 2017 by AA No. 
are Al-2.5% Mg-0.2% Cr, Al-1.0% Mg-0.6% Si-0.2% Cu, Al-0.55% Fe and Al-3.8% 
Cu-0.7% Mg-0.5% Si-0. 7% Mn.) The attainable hydrogen reduction level of each 
alloy by GBF seems to depend on the activity coefficient of hydrogen in molten 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



662 


Otsuka 



Figure 21 Hydrogen removal from molten 99.99% A1 by GBF treatment in the several air 
atmospheres of different water vapor partial pressures (Ph 2 o)- (From Ref. 10.) 


I | 200 U m 



(a) Before heating (b) 600^, 1 h 



(c) 600”C, 4 h (d) 600^, 12 h 

Figure 22 Development of hydrogen gas porosity in 99.99% A1 ingot by homogenization 
heat treatment in air atmosphere of Ph,o = 3 x 10~ 2 atm. (a) before heating; (b) 600° C, 1 
h; (c) 600°C, 4 h; (d) 600°C, 12 h. 
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Figure 23 Hydrogen removal from molten A1 alloys by GBF treatment in air atmosphere of 
Ph 2 o = 5. Ox 10~ 3 to 7.5 x 1CT 3 atm. (From Ref. 10.) 


aluminum alloy which was estimated as shown in Table 1 in Sec. 2.2 (Fig. 25). One of 
the unexpected results by hydrogen removal by GBF in-line treatment revealed the 
surface improvement of AA No. 6063 alloy billet by semi-continuous casting as 
shown in Fig. 26. It should be noticed from this figure that such a smooth cast surface 
could be obtained by the removal of hydrogen and inclusions from molten aluminum 
and not obtained only by inclusions removal by RMF filtration described in Sec. 
3333 . Several inert gas purging methods by rotating a nozzle other than SNIF, 
AlPur and GBF have been developed [16-18]. 


3 REMOVAL OF INCLUSIONS FROM MOLTEN ALUMINUM 
3.1 Inclusions in Molten Aluminum 

Typical inclusions in molten aluminum are shown in Table 2. The source of 
inclusions is from Hall-Heroult cells of smelters and melting-casting process in 
all of aluminum industry. Inclusions mean solid particles in melt which are 
nonmetallic compound such as oxide, carbide and salt (strictly, some salts are liquid 
sphere in molten aluminum, for example, the melting point of MgCF is 712°C), and 
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Figure 24 Hydrogen removal from molten A1 alloys by GBF treatment in air atmosphere of 
Ph,o = 2.3 x 10~ 2 to 2.9 x 10~ 2 atm. (From Ref. 10.) 


intermetallic compound of high melting point such as TiB 2 . Concentration of 
inclusions in aluminum usually is below 1 ppm except AI 4 C 3 from Hall-Heroult 
cell and TilT from grain refiner addition. The detrimental effect of inclusions to 
the properties of aluminum products appears generally on the size beyond 30 
microns. Recently the rigorous drawing and ironing of 3004 alloy sheet for the thin 
wall can body and the high grade polishing surface for computer memory disks 
request the removal of smaller inclusions. In the case of very thin foil of few microns, 
inclusions below 10 micrometers in size may be the origin of pin hole defects. Figure 
27 shows microscopic photographs of typical inclusions found in a molten aluminum 
alloy. 

3.2 The Principle of inclusion Removal from Molten Aluminum 

3.2.1 Floatation 

The floatation of solid particles from molten aluminum by the dispersed gas bubbles 
of SNIF process was investigated on theoretical fluid dynamics by A.G. Szekely [11]. 
Two mechanisms of floatation, i.e. inertial impaction and peripheral interception, 
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Figure 25 Relationship between activity coefficient (f H ) of hydrogen in molten A1 alloys 
and attainable hydrogen reduction level by GBF treatment. (From Ref. 10.) 
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Figure 26 Cast surface improvement of AA No. 6063 alloy billet by GBF treatment. 


were proposed. Inertial impaction on gas bubbles is shown in Fig. 28. The stream 
lines of the fluid are diverted by the sphere irrespective of whether the body is 
stagnant and the fluid medium is flowing or the medium is stagnant and the body 
is moving. The curved streamlines (shown by the thin lines on the sketch) prevent 
the frontal collision of small particles with the sphere. Large particles can, however, 
establish their own paths by inertia which are distinct from the stream lines of 
the fluid. The possible paths of such large particles are illustrated by the dashed 
lines. The interception of the path of a large particle by the sphere is still not 
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Table 2 Inclusions in Aluminum 


Particle 

Particle 


Size (dia.) range 

type 

phase and source 

Particle shape 

(microns) 

Oxides 

AI2O3 from oxidation of melt 

films or group of films 

10-1000 


surface 

AI2O3 from undissolved 
Alumina 

polygonal particles 

10-20 


Al 2 MgC>4 from oxidation of 

truncated pyramidical 

0 . 1-5 


melt surface 

particles 

thick films or lumps 

1-100 


MgO from oxidation of 

polygonal particles 

0.2-1 


melt surface or alloying 

films consisting of 

10-1000 


additions 

particles 



Refractory brick (Al,Si, 0 ) 

lumps or particles 

10-500 

Carbides 

AI4C3 from Hall-Heroult cell 

rectangular or 

0 . 5-25 



hexagonal discs 


Borides 

TiB2, VB from Hall-Heroult 

rectangular or 

1 


cell 

hexagonal discs 



TiB2 from grain refiner 

discs 

1-3 



clusters of discs 

1-50 

Salts 

Cryolite (Na3AlF6) from Hall- 
Heroult cell 

Mg/Al chlorides from CI2 gas 
fluxing or dross fluxing 
Na/K chlorides from dross fluxing 

spheres 

10-20 


Source: Refs. 19 and 20. 



(a) 


20 it m 


(b) 


20/i m 


Figure 27 Inclusions observed in AA No. 6063 alloy melt before refining processing. 
Molten metal sample was filtrated through porous carbon plate and filtrated inclusions were 
analyzed by XMA. (a) gray small particles; Ti-B compound, black fine particles; AI4C3, black 
film; AI2O3; (b) cluster of fine particles; MgO including ABMgO^ black particles; AI4C3. 
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Figure 28 Inertial impaction of particles on gas bubbles. (From Ref. 11.) 


guaranteed, but only those particles which are present originally in the fluid bounded 
by the heavy lines have chance to contact the spherical body (where the mass and 
velocity of particles a\ and u 2 may be equal for example). 

The number of these particles related to the total number of particles enclosed 
in a liquid column which has a diameter equal to the diameter of the sphere defines 
a contact efficiency which can be calculated if the velocity distribution and the 
trajectories of the particles are known. The size of the smallest particles which 
can be collected by inertial impaction on gas bubbles was calculated for oxide 
particles suspended in molten aluminum based on theoretical fluid dynamics. This 
calculation leads to the conclusion that all particles larger than about 80 /an can 
be collected from molten aluminum by inertial impaction on gas bubbles if the size 
of the bubbles is in the 1-10 mm range. 

Small particles which are completely entrained by the stream lines of the fluid 
due to their small masses have a poor chance of colliding with rising gas bubbles. 
However, those particles can establish contact with the bubbles which are brought 
within a touching distance to the bubble around its equator by the streamlines 
of the liquid (Fig. 29). Peripheral interception is the second mechanism for flotation. 
The efficiency of such a peripheral contact between a gas bubble and solid particles 
was approximated by the simple geometric argument considering a hypothetical 
bubble column of r 2 n base containing « 0 number of particles at uniform distribution. 
Only those particles of radius a which are carried into the equatorial ring of 2 a width 
of the bubble can skirt the bubble. In a decrease of the particle concentration of 
A;? 0 = «o - no lx, the decrease of the particle concentration due to peripheral 
interception by gas bubbles is expressed by Eq. (1 1) for gas sparging rate G m 3 /kg. 

x — exp (54 x 10 4 G x a/r 2 ) (1 1) 
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Figure 29 Peripheral interception of particles by gas bubbles. (From Ref. 11.) 



1 2 4 6 8 10 15 20 


PARTICLE DIAMETER, MICROMETERS 


Figure 30 Flotation of particles at a gas sparging rate of 7.8 x 10 - 4 m 3 /kg as calculated 
from Eq. (10). (From Ref. 11.) 


or for typical gas sparging rate (7.8 x 10” 4 m 3 /kg) in the SNIF process 

x = exp(12 x a/r 2 ) (12) 

The solution of this equation for 1-10 mm gas bubbles is shown in Fig. 30. 
From this figure it is important to produce gas bubbles as small as possible to assure 
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a satisfactory removal of particles from the micrometer range and is nearly imposs- 
ible to remove inclusions of sub micron size by 2-10 mm bubble. Szekely presented 
also the theory of agglomeration and the agglomeration of solid particles in molten 
aluminum in the SNIF process for the removal of sub micron size inclusions. Small 
solid particles suspended in a liquid move in a random, chaotic fashion as a result 
of the Brownian movement. If the size of the particles is in the micrometer and 
smaller range the collision of the particles inevitably leads to their coagulation 
due to the high specific surface energies of such small particles. This is thermal 
agglomeration. It is shown that the frequency of collision of particles in a given 
liquid is a single valued function of the temperature. In case the movement of 
the particles is enhanced by turbulent energy, the frequency of collision and the 
resulting coagulation rate of the particles can be significantly higher than due to 
thermal energy alone. This is turbulent agglomeration. The chaotic movement of 
the particles is sensitive to the scale of the turbulent eddies in which the movement 
of the particles is truly erratic. Large scale eddies have no significant effect on 
the collision of small particles and such eddies only stir the suspension, keeping 
the distribution of the particles uniform in the liquid. With diminishing eddies a 
certain scale is reached where the acceleration of the fluid in the eddies is at a 
maximum. The scale of such eddies is called the inner scale of turbulence. Below 
this critical scale, the kinetic energy of turbulence is gradually converted into heat 
due to the viscous resistance of the fluid. If particles are present in the fluid, the 
force exerted by the high acceleration present in such critical eddies pushes the 
particles randomly around causing them to collide with each other. The movement 
of the particles can be related under this condition to the volumetric dissipation 
rate of turbulent energy s which is independent of the scale of motion and is a charac- 
teristic constant for a given flow. The constant of turbulent coagulation is shown to 
be proportional to Je. This is applicable to particles not larger than about 10 
/<m since the inner scale of turbulence is of the order of 10-100 /an in vigorously 
stirred liquid. The volumetric dissipation rate of energy e can be calculated from 
macroscopic parameters, such as from the size and speed of an impeller creating 
the macroscopic turbulence, or from the power utilized in the SNIF process for 
stirring a given melt volume. By the ratio of the calculated constants of turbulent 
and Brownian coagulation it is shown that particles less than about 0.1 /an agglom- 
erate predominantly due to their Brownian movement, while particles larger than 
that agglomerate faster by turbulence at the typical power inputs in the SNIF 
process. Experimental result of thermal and turbulent agglomeration of solid 
particles in molten aluminum has not yet been presented, but agglomeration of 
10 /on SiC and ALO 3 in electromagnetically stirred molten aluminum was presented 
[21]. In this study, most of the initial 10 /un particles disappeared from the melt to 
form clusters in less than 1 minute and no cluster bigger than 100 /<m was observed. 


3.2.2 Settling 

Inclusions heavier than the melt may sink and inclusions lighter than the melt may 
float up in the melt. Heavy inclusions in stagnant molten aluminum accumulate 
as a slurry in the lower part of the melt while light inclusions collect near the melt 
surface to form dross with oxide film. The term “settling” is used both when particles 
sink or float up. The fundamental equation governing “settling” of small particles in 
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a melt is the drag force on the particle sphere by Stokes Law. Drag force D on a 
particle sphere of radius r in homogeneous flow of velocity V is 

D — C D (p V 2 /2)(nr 2 ) 

where Cd is empirical friction factor and p is the density of the particle. When 
Reynolds number R(R = rVp/ p) is so small that viscous force on a particle far exceed 
inertial forces, D — 6npVr and Cd = 12/R where p is viscosity. If we assume the 
particle settles at constant terminal velocity (Voo) in the melt, the difference between 
gravity and buoyancy force on the particle balances. 

Apg(4nr/3) — 6-npVooi' 


So 


_ Apgr 2 

18 p 


(13) 


3.2.3 Filtration 

The mechanism of molten aluminum filtration for the removal of inclusions involves 
cake mode filtration and deep bed filtration [22-24]. 

3.2.3. 1 Cake Filtration 

A rudimentary example of cake mode filtration is the fiberglass screen of trough sock 
or spout sock used for the removal of large inclusions. Reticulated ceramic foam 
plates and consolidated rigid media are commercial examples of cake mode filters 
(and also of depth mode filters as described later). Particles larger in size than 
the filter pores are strained on the surface of the filter medium. Through the depth 
of the filter medium particles are also trapped wherever a flow channel is smaller 
than the particle. As a layer of separated particles is deposited, the effective opening 
diameter is progressively decreased. Smaller diameter inclusion particles can now be 
captured in subsequent layers of separated solids, thus forming a cake. A thick layer 
of particles accumulates above the filter medium with little or no penetration into the 
internal pore structure. The resulting filter cake leads to high filtration pressure (high 
pressure drop) and a limited filter capacity. 

3.23.2 Depth Filtration 

Typical examples of depth filtration are deep bed filters such as Alcoa 94 [25] Alcoa 
469 [26] and tubular cartridge filter comprised of rigid media [27]. On the case 
of depth filtration, particles are deposited through the depth of the filter medium, 
even though they are much smaller in size than the filter pore flow channels. Capture 
process in depth filtration involves two steps which are the transfer of inclusion from 
the bulk metal to the surface layer of the filter substrate and the adhesion of inclusion 
at a retention site on the filter substrate. Transfer processes are classified as follows 
[23,24], 

Sedimentation or floatation; if the inclusions have a density different from that 
of liquid, they can be transported to the filter media away from fluid line by gravity or 
buoyancy. Inertia; owing to their apparent weight, inclusions can not follow the 
same trajectory as that of the fluid. When the direction of the fluid flow changes 
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suddenly, inclusions can deviate from the fluid flow path and be transported to the 
filter media. Hydrodynamic effects; owing to non-uniform velocity profile of fluid 
flow and non-spherical shape of inclusions, they may be moved laterally to the filter 
media by hydrodynamic effects. Direct interception; even with exactly the same den- 
sity as the fluid, owing to their size, particles would not be able to follow the smallest 
tortuosities of the fluid flow line and they may collide directly with the filter media. 
Effects of turbulence; in turbulent flow, particles may be carried to the filter media. 
For the adhesion of inclusions on the substrate of filter, several forces can be exerted 
as follows. Fluid pressure; the pressure of the flowing fluid may hold the inclusions at 
the site of filter surface where they have been transferred. Friction; inclusions can be 
held at the site of filter surface by friction. Physico-chemical; physical or chemical 
adhesion by Van der Waals force or chemical bonding may hold the inclusions 
at the site of filter surface in molten aluminum. 

3.3 The Molten Metal Processing for Inclusions Removal 

3.3.1 Floatation Method by Gas Purging 

Several results of inclusion removal by SNIF were reported. The removal of oxides 
was investigated by refining the melt with a higher inclusion content [28], Size dis- 
tribution of oxide inclusions observed by light microscopy analysis revealed that 
inclusions larger than 50 /an in cross section were removed, as shown in Fig. 31. 


n(dm' 2 ) 



Figure 31 Size distribution (by number) of sedimented oxides in samples from the original 
melt and the melt refined by SNIF. The analysis was performed by the centrifugation method, 
and the diameter d is the maximum diameter of the oxide films. (From Ref. 28.) 
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The removal of borides was also measured and the result revealed that none or very 
little of the borides were removed by SNIF. TiB 2 in Al-Ti-B grain refining master 
alloy for controlling the as-cast grain size acts as nucleant and it has good wetting 
to molten aluminum. So TiB 2 is difficult to be separated from molten aluminum 
by gas purging. It should be noticed we can add Al-Ti-B master alloy into the molten 
aluminum before the melt treatment by gas purging such as SNIF, AlPur and GBF, 
but we can not do that before the filtration which is able to remove TiB 2 particles. 
An evaluation of a SNIF unit for inclusion removal in mass production lines revealed 
that inclusion removal efficiency depended on incoming inclusions concentration 
and Cl 2 mixing in purging gas might be effective as shown in Fig. 32 [29]. We have 
observed that the gas purging of Cl 2 or inert gas/Cl 2 mixtures by rotary nozzle forms 
less quantity of dross on the melt surface than in the case of inert gas purging. 
Furthermore, the dross is dry. That is different from wet dross in the case of inert 
gas purging. Where dry dross means more separated inclusions (mainly oxides) 
agglomeration from molten metal than in the case of wet dross. The mechanism 
of such a phenomena is not well known although the large heat of AICI3 formation 
may relate to it. Recently, SNIF SHEER system [30] incorporated changes to 
the chambers and the nozzles which increased the efficiency of the system (See Fig. 
33). 

A rib was added to the bottom of the chamber and it was useful to stabilize and 
equalize the metal flow pattern within the chamber. The action of the rib is supposed 
to be similar to one of the baffle plate of GBF process. It was demonstrated the 



Figure 32 Incoming inclusions versus SNIF efficiency. (From Ref. 29.) 
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Figure 33 Cross-section of a SNIF SHEER R-140 system. (From Ref. 30.) 


SHEER system removed 20% more hydrogen with 22% less process gas in compari- 
son with current SNIF system. However, differences in inclusion removal could 
not be detected because of the large variability in the inclusion measurements. 
The high efficiency of inclusions removal by GBF may be supported by forced 
upward flow of molten metal by both the actions of rotating impeller and baffle 
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plate. Actually, it was revealed the dross (the agglomeration of inclusions such as 
oxide film etc. and molten metal) floatation on the melt surface by the gas dispersion 
from the rotating injector of GBF was drastically accelerated by the baffle plate. 
Several results for inclusion removal by floatation were presented for GBF. The 
most apparent result for the large inclusions removal from AA No. 5056 alloy melt 
by 3 min. of GBF treatment was presented by the inspection of stainless wire cloth 
(500 /an dia. pore) after being dipped into and moved in molten metal as shown 
in Fig. 34 [31,32]. In this figure, the convex surface of metal film shows the presence 
of inclusion. The inside of these convex sections were microscopically observed 
and it was revealed that oxide inclusions were not wetted by molten metal. In Fig. 
35, the evaluation of GBF for the removal of aluminum oxide inclusions (aluminum 
oxide particles of 10-30 /an dia. were added by about 1 vol% into molten pure alumi- 
num and the melt was treated for 10 min by GBF) is presented by the microscopic 
observation of the sample filtrated by porous carbon of 50-100 /an in pore size [33]. 
Showa Aluminum (Japan) produces foil including high purity foil (99.99% Al) 
for capacitor, sheet of AA No. 1000 series and 5052 alloy, and extrusion of almost 
all species of alloys. 8 in-line GBF units were installed between the holding furnaces 
and the casting stations in all the cast shops of Showa. The effect of both hydrogen 
and inclusion removal by GBF revealed notable yield improvement of foil, sheet 
and extrusion by the decrease of the number of defects such as pin hole, scratch 
like stringer, and blister etc. 

3.3.2 Settling 

Although it has long been recognized the holding time (that is to say killing time) 
after Cl 2 gas fluxing into molten aluminum is necessary for inclusions to be settled 
out, its quantitative study was not possible until several methods of quantitative 
analysis for inclusions such as PoDFA [34] and LiMCA [35] had been developed. 
A result of settling measured by PoDFA and LiMCA revealed the settling curve 
could be represented by the simple exponential decay function as shown in Fig. 
36 [36], Molten primary aluminum for electric wire is treated by B addition and 
stirring the melt for the purpose of the removal of Ti and V. The chemical reaction 
between (Ti, V) and B in molten aluminum forms high melting point intermetallic 
compound, TiB 2 and VB 2 . TiB 2 and VB 2 agglomerates to form (Ti V) B 2 particles. 
By the settling of (Ti V) B 2 particles as shown in Fig. 37 [35], Ti and V in molten 
aluminum could be removed. 

3.3.3 Filtration 

3. 3. 3.1 Ceramic Foam Filtration-CFF 

Ceramic foam plate (2 in thickness, 7-23 in square) is produced by using a polymeric 
foam precursor which is immersed in a ceramic slurry, squeezed to remove any excess 
and is then fired. Three- and two-dimensional images of the ceramic foam is as shown 
in Fig. 38 [37]. A rough characterization of the structure of the ceramic foam is given 
by the number of pores per inch (ppi) and commercial filter grades are 10-50 ppi. The 
grade of 10 ppi has 3800 /un of minimum cell size and 5100 /<m of maximum cell size. 
The grade of 50 ppi has 1000-1150 /un of cell size. Industrial in-line application of 
ceramic foam filters is as shown in Fig. 39. The LiMCA II inclusion concentration 
data (total detected inclusion counts > 15 /un in size) for a typical cast run of 
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(a) 




500 u m meshes 


200 li m meshes 



500 M m meshes 


200 m m meshes 


Figure 34 Inclusion inspection of stainless wire cloth (500 f.im dia. and 200 /i m dia.) after 
being dipped into and moved in molten metal, (a) original melt of A A No. 5056; (b) after 
6 min of GBF treatment. 
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(a) Original melt (b) After GBF treatment 

Figure 35 Microscopic observation of alumina inclusions in AA No. 1100 melt by the 
sample filtrated by porous carbon, (a) original melt; (b) after GBF treatment. (From Ref. 33.) 
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Figure 36 Effect of settling on inclusions concentration as measured by PoDFA and 
LiMCA. (From Ref. 36.) 


AA No. 1050 at a flow rate of 167 kg/min with a 15-50 ppi ceramic foam filter was 
demonstrated as shown in Fig. 40 [39]. And also it was revealed the mean filtration 
efficiency for the fine pore CFF (50 ppi) had increased to 76% from 69% for the 
coarser pore CFF (30 ppi). Cake filtration takes place on the surface of filter medium 
in the case of inclusion diameters which are of the same order of size or larger than 
the holes in the filter medium such as oxide film. Depth filtration was also observed 
within the foamed filter medium on its internal surface as shown in Fig. 41 [38,39]. 
On the other hand. Fig. 42 reveals the release of inclusions from ceramic foam filter 
(30 ppi) during casting, and such a release has occurred for no specific reasons [40]. 
Although the filtration efficiency of ceramic foam filter depends on the operation 
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Figure 37 The settling of (TiVIBi particles from conductivity grade aluminum melts 
following boron additions to a holding furnace. (From Ref. 35.) 



Figure 38 Three- and two-dimensional images of the ceramic foam. (From Ref. 37.) 

condition such as filter cell size, metal flow rate and inclusions concentration before 
filtration, generally, 30 ppi ceramic foam filter can only be considered as a prefilter 
for critical products such as can body alloy [40]. 

333.2 Deep Bed Filtration-DBF 

An example of deep bed filtration apparatus (Alcoa 94 process) is as shown in Fig. 
43. It is strictly a packed bed tabular alumina filter. The size of the filter bed depends 
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Figure 40 LiMCA II inclusion concentration data for 15-50 in ppi CFF. (From Ref. 39.) 


on metal flow rate. The life of such a filter is 5000 1 for unfluxed low-grade scrap, and 
up to 25,000 t for prefluxed metal. The packed bed filter was improved to extend the 
life and remove hydrogen gas by diffused argon being passed countercurrently 
through the melt (Alcoa 181 process-U.S. Patents 2963558 and Alcoa 469 
process-U.S. Patent 2863558). Deep bed filters exhibit inclusion release at start 
of cast and very stable filtration performance afterwards as shown in Fig. 44 [40]. 
Deep bed filters that are maintained in operation for several thousands tons are 
much more stable due to their larger surface and volume of filtration. Nevertheless, 
as demonstrated in Fig. 44, deep bed filters present a release of inclusions at start 
of casts for a short period of time during the increase of the metal flow rate from 
zero to the nominal casting flow rate. 


Marcel Dekker, Inc. 
270 Madison Avenue, New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 




Molten Metal Processing 


679 




Figure 41 Cross-section through a drained 50 ppi CFF (metal flow direction is from left to 
right), (a) and inclusion agglomerates found within a drained 50 ppi CFF, (b). (From Ref. 39.) 



3 . 3 . 3. 3 Rigid Porous Media Tube Filter-RMF 

RMF is utilized in the form of the cartridge filter and it was the earliest applications 
of the bonded particle filter media (alumina, corundum or silicon carbide). The 
bonded particle filter structure consists of an aggregate of mineral grain bonded 
with a ceramic /glass composition resistant to molten aluminum. The microstructure 
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Figure 43 An example of deep bed filtration (Alcoa 94). (From Ref. 25.) 



Casting Time (min.) 


Figure 44 Inclusion concentrations measured during casting before and after filtration with 
Alcan bed filter. (Front Ref. 40.) 
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Figure 45 Microstructure of bonded particle filter, 20 grit SiC. (From Ref. 41.) 


of a bonded particle filter (Fig. 45) differs considerably from ceramic foams [41]. The 
porosity of a BPF (Bonded particle filter) is related to a repetitive face centered close 
packed cubic structure, which yields a void space result 38-42%, roughly half that for 
a ceramic foam filter. RMF by TKR (Japan) has three grades of average pore diam- 
eter which are 760 /tm (F1AA), 450 /an (FIC) and 340 /an (FIE) [42]. Bonded particle 
tube cartridge filter is generally utilized as shown in Fig. 46 [43]. Filtration efficiency 
of RMF medium grade was studied by both theoretical and simulation method in 
comparison with those of DBF and CFF, and the result was as shown in Fig. 
47 [44]. The investigation of the filtration efficiency of MCF (Metaullics tube 
cartridge filter) revealed MCF was more effective than CFF of 30 ppi or 50 ppi [39]. 


4 REMOVAL OF ALKALI AND ALKALINE EARTH METALS FROM MOLTEN 
ALUMINUM 

It is known that a couple of ppm of Na in Al-Mg alloy causes cracking during hot 
rolling. The removal of alkali metals such as Na and Li in molten aluminum alloy 
which is alloyed primary aluminum from electrolytic cell with alloying metal is gen- 
erally implemented by furnace chlorine fluxing in the smelters. The chlorine fluxing 
in the holding furnace is also for the purpose of the removal of inclusions in the 
melt. The melt from the holding furnace is in-line treated by SNIF, GBF et al. before 
the casting at the cast station. The efficiency improvement of alkali removal by 
chlorine gas purging in the holding furnace of the smelter-based casting system 
can be attained by the chemical engineering methods which increase the efficiency 
of chemical reaction between gas and liquid. The methods involve melt stirring, 
gas dispersion through the melt and fine gas bubbles dispersion into the melt [45-48]. 
Stevens and Yu studied the reaction rate controlling mechanisms in the stirred tank 
reactor of Alcoa 622 unit (Fig 48) in which a gaseous mixture of argon and chlorine 
was dispersed through the aluminum melt [45]. 
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Figure 46 RMF cartridge filter. (From Refs. 41 and 43.) 
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Figure 47 Comparison of (left) experimentally-determined and (right) computed values of 
initial efficiency for dense particles in filtering. (From Ref. 44.) 


The rotor used in the reactor was a standard 305 mm diameter Alcoa 622 pro- 
cess rotor. The reactor contained approximately 998 kg of molten aluminum to 
which a known amount of calcium was added and which was maintained at a tem- 
perature of 732°C. 

After examining a wide range of experimental batch reactor data, a conclusion 
was reached that two different reaction rate equations were required. Figure 49 
shows some typical experimental data which illustrate this point. When Ca con- 
centration is greater than 0.006%, chlorine transport to the surface of the bubble 
controls the rate of reaction. Thus, reaction rate is independent of Ca concentra- 
tion, and a zero order reaction is observed. However, when Ca concentration is 
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Figure 48 Alcoa 622 process. (From Ref. 45.) 
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Figure 49 Typical experimental data which illustrate two different reaction rate equations, 
where Co is the initial concentration of Ca. (From Ref. 45.) 


less than or equal to 0.006%, the transport of calcium through the melt to the 
surface of the bubble controls the rate of reaction. A first order reaction is observed. 
Chlorine gas in N 2 /CI 2 mixtures is employed during furnace fluxing in amounts that 
exceed the theoretical requirements due to inefficiency of static lance fluxing and 
furnace geometry. Celik and Doutre [46] investigated the effect of chlorine concen- 
tration on the rate of alkali /alkaline earth metals removal and tests were conducted 
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Figure 50 First order rate constant for calcium removal vs chlorine concentration. (From 
Ref. 46.) 


in a 0.75 t furnace in which the removal rate at low levels of impurities ( < 50 ppm) 
were determined as a function of gas flow rate and composition, metal composition 
(0%, 1% and 5% Mg) in the presence and absence of mechanical stirring, with and 
without bubble shear. This investigation revealed under all conditions examined, 
the removal rates followed first order rate kinetics indicating that mass transfer 
(diffusion) in the liquid phase was the rate determining step. Figure 50 compares 
the first order rate constants for the removal of calcium from pure metal and from 
an alloy containing 1% magnesium. Calcium was chosen as representative of 
the alkali /alkaline earth metal because Ca is of concern in both the smelter 
and remelt systems and Ca is less volatile than Na or Li making the manipulation 
of Ca levels more reproducible. It is clear that the removal rates are higher from 
alloys containing Mg than pure Al. It is also apparent from the figure that the 
rate of Ca removal from the pure Al was independent of the chlorine concentration 
in the fluxing gas at all concentrations tested, whereas, in the presence of Mg a 
strong dependency upon the chlorine concentration was observed. Figure 51 pro- 
vides an explanation for these observations. 

During these experiments the melt was fluxed for a short period of time in order 
to establish the calcium removal rates following which the chlorine supply was 
interrupted and calcium levels determined at intervals for the remainder of the 
experiment. The discontinuities in the slopes occurred at the time at which the 
chlorine supply was turned off. 

In the case of the pure Al, the rate constant for calcium removal fell imme- 
diately to a very low value. On the other hand in the 1% Mg-Al alloy the removal 
continued to take place. Celik et al. explained these effects are due to the formation 
of molten MgCL (m.p. 714°C) droplets during fluxing which range in size upwards 
to 100 /an. Being both small and relatively dense, these droplets can persist in 
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Figure 51 Demonstration of the persistence of Ca removal from an alloy containing 1% Mg 
after the cessation of chlorine addition. (From Ref. 46.) 


the melt for some time before being eliminated by floating out or adsorption onto the 
furnace walls or dross layer. During their existence, these droplets can react sub- 
stitutionally with Na, Li and Ca to form low melting point mixed chloride droplets 
which can be very difficult to remove from the melt, particularly during in-line 
chlorine fluxing. It is the reason why the in-line chlorine fluxing for alloys containing 
Mg by rotary injector should not be substituted for the furnace fluxing. Figure 52 
compares the rates of removal of Ca from 5% Mg-Al alloy under the following con- 
ditions: lance injection only, lance injection and mechanical stirring (remote from 
the point of gas injection) and gas injection via a rotary impeller [45]. It should 
be noticed that the increase in the rate of impurity removal observed while using 
a rotary impeller to inject and disperse gas is due not only to the increase in the 
gas-liquid contact area but also to improved bulk metal circulation within the 
furnace. Figure 53 shows the experimental result of alkali and alkaline earth metals 
removal from molten Al-1% Mn-1% Mg by Ar + 5 vol% CL fluxing with GBF rotor 
(see the schematic diagram of GBF method in Fig. 17). Metallic sodium violently 
reacts with oxygen in the air and burns above the melting point (97.8°C). It 
may be due to the preferential oxidization of Na to form Na 2 0 2 in gas at the surface 
of molten aluminum that we find the reduction of Na concentration after the simple 
melting operation. Kaestner et al. [49] showed that by inert gas purging, about 
92% of Na content was removed from the melt by evaporation from the surface 
and only 8% was carried out of the melt by the purge gas bubbles. Figure 54 shows 
the experimental result which reveals the difference of Na removal rate from molten 
Al-5% Mg alloy between Ar gas purging and Ar + CL gas purging all of which were 
implemented by GBF method. It is clear that Ar gas purging without Cl 2 is also 
effective to reduce Na concentration which is above 50 ppm in molten Al-5% 
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Figure 52 Demonstration of the increase in the rate of calcium removal by enhanced metal 
circulation and bubble dispersion in 5% Mg-Al alloy with 6% Cl2/94% N 2 . (From Ref. 46.) 
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Figure 53 Na, Li, Ca removal from molten AA No. 3004 alloy by GBF with 5% 02/95% 
Ar. 
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Figure 54 Na removal from molten 5% Mg-Al alloy by GBF with Ar, 10% CF/90% Ar, 
20% Cl 2 /80% Ar. 

Mg alloy to the concentration of a couple of decades ppm as well as Ar + Cl 2 gas 
purging. This result suggests Na removal by gas purging is almost by the oxidation 
and evaporation of Na from the melt surface while Na in the melt is above the 
approximated concentration of 50 ppm. Furthermore, the result of Fig. 54 reveals 
Ar + Cl 2 gas purging is necessary to reduce Na concentration to below 1 ppm. 


5 THE IMPROVEMENT OF FURNACE FLUXING FROM THE 
ENVIRONMENTAL VIEW POINT 

Although the installation of in-line facilities of molten metal processing has 
improved significantly molten metal quality, furnace fluxing remains to be necessary 
for higher aluminum quality because in-line processings remove impurities such as 
alkaline elements, hydrogen and inclusions in a proportional manner to the quality 
of inlet molten metal. The furnace fluxing consists usually of injecting chlorine 
gas or a gaseous mixture of nitrogen and chlorine through stationary lances. When 
chlorine is injected into molten aluminum, it reacts to form gaseous AICI3. Upon 
exposure to the atmosphere, AICI3 reacts with moisture (FFO gas) to form AFO3 
and HC 1 . The AFO3 powder thus formed is responsible for the white “fog” observed 
during fluxing. In the presence of Mg, chlorine will react preferentially to form 
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MgCh which is liquid at the temperatures normally occurring during fluxing. At high 
temperatures, MgCF can also hydrolyze to produce MgO and HC1 [46]. The time 
available for chlorine to react is limited by the residence time of the injected gas 
bubbles in the melt, thus free chlorine can also be present in the off-gases. Such 
a gaseous and particulate emissions from furnace fluxing of aluminum alloys must 
be reduced to meet ever more stringent environmental emission constraints. The 
emissions generated during fluxing were experimentally determined as a function 
of gas flow rate, gas and metal composition and degree of bubble dispersion [46]. 
It was found that the reaction between Cl 2 and pure aluminum proceeds virtually 
to completion (AICI 3 > 98% conversion) when the fluxing gas is introduced through 
a static lance 20 in beneath the melt surface. In the presence of magnesium, 50-90% 
conversion to MgCF occurred, lowering the total amount of chlorine emitted (AICI 3 
+ CF). In Mg-containing alloys, the proportion of free chlorine emitted increased at 
higher chlorine concentrations, and the reason was considered to be the rapid for- 
mation of a barrier layer of MgCl 2 which slowed the reaction between gaseous 
chlorine and A1 or Mg. Increasing the gas /liquid interfacial area by such an injector 
as rotor type nozzle led to a substantial decrease in emissions from Mg-containing 
alloys due to increased efficiency of conversion of CF to MgCF- 

These results are summarized in Table 3. On the other hand, the effectiveness of 
chlorine in furnace fluxing on inclusion removal from Mg-free and Mg-containing 
alloys was also systematically evaluated and (apart from the generation of salt 
inclusions in Mg-containing alloys) no measurable differences in either the rate 
or extent of inclusion removal were observed. Furthermore, it was found that 
the prolonged cleansing effect of CF fluxing, even after the CF injection, in Al-Mg 
alloys occurs due to the secondary removal mechanism of residual chlorides in 
the furnace. Those results by Celik and Doutre suggest MgCF salt may be a possible 
replacement for chlorine gas in furnace fluxing. Actually, salt addition and salt injec- 
tion as alternatives to chlorine fluxing was studied in order to reduce gaseous and 
particulate emissions resulting from furnace fluxing of aluminum alloys [50]. 

For a long time, the addition of salts to the surface of molten aluminum bath 
has been available for the purpose of dross conditioning and furnace cleaning. 
In this case, the flux (salts mixture) usually contains chlorides, to provide a low 
melting point, fluorides to favor dross dewetting and metal coalescence and, 
exothermic agents such as sulfates, nitrates or carbonates. These fluxes on the bath 


Table 3 Relative Emissions as a Function of Metal Composition and Fluxing 
Practice 


Emission 

Metal 

Injector 

Free 

CL 

(%) 

Cl(-) 

(%) 

Fraction 

emitted 

(%) 

MgCL 

estimated 

(%) 

Pure 

Lance 

1 

99 

100 

_ 

1% Mg 

Lance 

7 

41 

48 

52 

5% Mg 

Lance 

4 

22 

26 

74 

5% Mg 
In-line unit 

Rotor 

1 

4 

5 

95 


Source : Ref. 46. 
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surface can not clean the bulk of the furnace, nor are they able to remove alkalies, 
owing to their chemistry. MgCF based salts can achieve significant alkali reductions 
and it remove fluorinated compounds from the salt chemistry because MgCF is also 
aggressive towards oxide films. In order to improve the treatment of the bulk of the 
melt, flux injectors into metal bath have been developed [51]. Figure 55 shows 
an example of salt injection equipment. The feeder consists of a tank and a plate 
feeder. The feeder is fully automatic and gives a very accurate feeding rate. It is 
also equipped with an anticlogging device. It is based on fluidized transport. 
However, to run such systems efficiently, further modifications to the flux chemistry 
are required [50]. The melting point of the salt mixture, powder grain sizes and 
MgCF hygroscopic tendencies must all be controlled to achieve safe, blockage-free 
injection. Once these parameters were under control, plant trials, performed in 
an 80 tonne smelter cast house furnace, produced encouraging emission reduction 
level. However, metallurgical efficiencies were unsatisfactory, due to the lack of dis- 
persal and stirring associated with lance injection. 

In particular, dross remained wet. The result reveals that the injection of flux 
below the metal surface requires some sort of metal stirring in order to distribute 
the flux adequately in the furnace and achieve treatment of both the bulk of the 
metal bath and the dross layer. Table 4, 5 and 6 present results generated under 



Figure 55 An outline of a plate feeder such as the Feslente feeder. (From Ref. 51.) 
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Table 4 Calcium Removal Rates for Low Mg Alloys ( < 1%) for Various Fluxing Practices 


Fluxing practice 

Time 

(min.) 

Cone. Added 
(kg/t) 

Removal rate 
(min -1 ) 

(20% CL / 80% N 2 ) 




2 lances 
Single lance 

45 

0.24 

0.032 

+ 

AJS 

45 

0.12 

0.041 

Rotor 

(MgCl 2 based flux) 

30 

0.20 

0.099 

Salt Injection 
and Stirring 


0.50 

0.086 


Source: Ref. 50. 


Table 5 Metal Cleanliness Performances of Salt Injection and 
Stirring at Furnace Outlet 



PoDFA (mm 2 /kg) 

Fluxing practice 

1XXX 

3XXX 

Chlorine injection 

0.091 

0.034 

using lances 



SALT 

Surface addition 

0.262 

N/A 

Injection & Stirring 

0.081 

0.037 


Source: Ref. 50. 


Table 6 Reduction of Emissions Obtained by the Use of Salt Injection and Stirring 

Environmental Results 
(Arbitrary units*) 

1XXX 3XXX 

Fluxing 


Practice 

HC1 

Cl 2 

Dust 

HC1 

Cl 2 

Dust 

Chlorine injection 

100 

5.4 

63.1 

29.1 

11.9 

17.1 

using lances 
SALT 

Surface addition 

0.6 

0.8 

N/A 

N/A 

N/A 

N/A 

Injection and 
stirring 

8.9 

0.2 

4.4 

18.1** 

0.1 

1.3 


* All values relative to HC1 level for lance injection. 
Source: Ref. 50. 
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full production conditions using a specially developed flux injection system based on 
the salt flux chemistry /injection/ stirring principles (Rotary Flux Injection of indus- 
trial versions published in 1998 [52] was originated from here), in comparison with 
results of chlorine injection (AJS in Table 4 means Alcan Jet Stirrer [53]). As shown 
in Table 4 and 5, injection and stirring of solid flux below the metal surface produces 
alkali removal rates and metal cleanliness levels equivalent to, or better than, those 
of standard lance chlorine fluxing. Emissions of HC1, CF and particulates by the 
use of salt injection and stirring were reduced by factors of 10-25, compared with 
standard chlorine fluxing as shown on Table 6. One aspect that should be paid par- 
ticular attention was the possible entrainment of liquified salt residue into the 
product. These residues can have detrimental effects on some critical products. 
An analytical procedure of salt residue was developed based on a metallographic 
examination of a solidified metal disk, and results revealed the solid flux injection 
technique accompanied by bath stirring resulted in entrained liquid chloride levels 
slightly higher than those of chlorine gas fluxing. 

They also indicated inside in-line “degasser” units where the high specific 
energy available generates, in situ, chlorides in much larger quantities than those 
generated in the furnace. The finely divided droplets of liquid chlorides are easily 
entrained and are difficult to separate from the melt. Recently, a new type of flux 
which is more environmentally efficient has been developed (Y. Ohno of FOSECO, 
personal communication, 1998). The flux (PROMAG) which consists of KC1 
and MgCF is flaky crushed powder of fused salts mixture and it has low melting 
point of 480°C. PROMAG is introduced to the melt via an argon gas mixture 
and is mechanically stirred. In Europe, it has been used to effectively remove 
inclusions from recycled scrap used in the production of thin sheet and foil. Although 
it was demonstrated that salt injection and stirring method was possible to be an 
alternative with emission reductions to the use of chlorine gas fluxing, it is a fact 
that there remain several technological subjects to be solved. 
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Shaping by Pulling from the Melt 


STANISLAV PROCHOROVICH NIKANOROV and 
VSEVOLOD VLADIMIROVICH PELLER 

A. F. Ioffe Physical Technical Institute of Russian Academy of Sciences, 
Saint Petersburg, Russia 


1 THE ESSENCE OF THE STEPANOV METHOD 

Advanced casting is the continuous one. Different arrangement of the process was 
put forward [1], In 1843 Laing suggested uninterrupted casting of metal into the 
water crystallizer copying the tube shape and pulling out from it the pipe billet 
solidifying from a surface by means of special rollers. Bessemer (1858) developed 
continuous process of obtaining a metal foil or a sheet by casting into the gap 
between rotating rollers. Later a great deal of variations of the equipment for 
the continuous casting was developed, but all of them could be classified with these 
two ideas. The first group of equipment includes casting when metal solidifying from 
its surface moves relative to a crystallizer. In that case the friction forces between the 
crystallizer and the solidifying surface induce the casting stresses. Casting with 
mobile crystallizers belongs to the second group of the processes. The mobile 
crystallizers move together with casting melt and billet solidifying from its surface. 
Rather rigid skin is created on the surface of the billet. Tensile stresses due to relative 
moving of solidifying surface of a metal and a crystallizer are absent here. But the 
difference of the thermal extension of a material of the crystallizer and of aluminum 
and the incompatibility of the local thermal expansion in the next areas of the 
growing article induce the thermal stresses in it. In the both groups of the techniques 
there is the continuous casting into crystallizer. 

Brines (1902) communicated about obtaining metal tubes and bars directly 
from a melt without any crystallizer. Billet was produced by freezing a metal on 
the end of the bar lifted slowly from liquid metal and blown by cooling air. Shaper 
in that case was absent. Frozen bar was shaped by rollers. Internal surface of frozen 
tube was smoothed by special mandrel rod. In 1917 Czochralski [2] used a similar 
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way to grow single crystal ingots. In 1922 Gomperz [3] and in 1928 Kapitza [4] drew a 
wire and thin rods from a melt of various metals through a hole in the mica plate 
positioned on a surface of molten material. 

In 1938 Stepanov suggested a new technological principle for shaping of solids 
[1], According to that, a shape of material is created in liquid melted state so that the 
solidifying metal has no contact with the walls of a crucible and the shaper. A column 
of the liquid is pulled up from the melt by means of a rod with a seed crystal through a 
hole or slot in the refractory plate resting on a surface of the melted metal. 

The refractory plate with the hole or the slot was called the shaper. Continuous 
pulling of the liquid column and simultaneous crystallizing of it on a constant height 
takes place. Distinctive criterion of the Stepanov method is that the process of 
shaping and crystallizing are divided in space. That is why, in that technique, 
the solidifying molten metal has no contact with the walls of crucible. This circum- 
stances gives two consequences. Firstly, the shape of crystallizing product depends 
not only on a geometry of the shaper but on the surface tension and the specific 
gravity of the melt, the character of coupling of the liquid metal with the shaper, 
pulling rate and the temperature field in the growing product [5], Therefore the hole 
or the slot in the shaper is not copying die as in the case of casting under pressure. 
This gives the possibility of growing products of a complex shape. At the same time, 
for good results, it is necessary to understand the nature of the capillary shaping in 
view of the fact that thermal effects influence the stability of the process. 
Nevertheless, it is known that the stability of pulled crystal products using the 
Stepanov method is higher compared with the Czochralski method. Secondly, there 
is the fact that the solidifying metal does not touch the surrounding walls. The 
growing of metal products is free from stresses arising from a difference of the 
thermal expansion of the crystallizer and the solidifying product. There are only 
the residual stresses due to incompatible local thermal strains which occurs during 
growing in connection with a difference of temperature of the next areas of a 
solidifying article. But it is possible to decrease them by special arrangement of 
the thermal field in the growing article. These reasons create an advantage of 
the Stepanov method as compared to the other methods of continuous casting. This 
advantage is very important for obtaining A1 products of complex shape 
cross-section [6]. 


2 THE THEORY OF THE CAPILLARY SHAPING 

In the first investigations Stepanov with co-workers grew various shaped products by 
means of the shapers nonwettable by melt. But as long ago as 1966 it was demon- 
strated that it was possible to carry the process with wettable shaper (see [1,7]). 

For nonwettable shapers a lift of a melt was due to excess pressure in the liquid 
material. When a shaper was wetted by the melt, the latter lifted along the shaper by 
means of capillary forces. In 1971 the EFG-method ( Edge-defined Film-fed Growth) 
was suggested [8]. This variation of the Stepanov method differed by the design of a 
shaper and a condition of fixing a melt on the shaper. Then, a number of techniques 
for the growth of shaped single crystals were developed, which were also variations 
of the Stepanov method [5]. 
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Different variations of the Stepanov method are shown in Fig. 1. In the case of 
variations A and C, fixing of coupling places of the liquid material and internal 
vertical surface of the shaping hole takes place due to a constancy of the wetting 
angle 0 (for wetting condition). At variation B the melt catches on the shaper along 
the hole perimeter, and in D along outer shaper perimeter. A lift of the melt through 
the shaping hole is due to the capillary forces or excess pressure in the melt. 

Growing of aluminum products is realized by variation A or B. If excess press- 
ure in the melt is low, the bottom of the melt column is inside the shaper hole. The 
liquid surface together with vertical wall makes the angle 0 equal to the wetting 
angle. The diameter of the liquid column is shorter then the hole diameter (variation 
B). Therefore the diameter of the product can be both shorter or longer then the hole 
diameter. Variation of the boundary condition can be caused by a sharp change of 
the pulling rate. The boundary condition depends also on material of the shaper. 
If one replaces a cast iron shaper with a zirconium diborid one, a change in the 
catching condition for the wetting will take place because the wetting angle of cast 
iron by aluminum melt is much more that of zirconium diborid. 

Shaping of crystal products in liquid state by means of the capillary forces is 
possible only with a stable shape of a meniscus and a constant height of the 
liquid-solid interface. Conditions can be found from analysis of the meniscus shape 
and heat conditions of the growth [9,10]. 

Equilibrium liquid shape is determined by the Laplace capillary equation: 

(y/Ri) + (y/R 2 ) + pgz = pgh (1) 



Figure 1 Variations of the Stepanov method. (1) crystal; (2) liquid-solid interface; (3) 
molten metal; (4) shaper. 
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Figure 2 Growing rod. (1) crystal; (2) liquid-solid interface; (3) meniscus of a melt; (4) 
shaper. ¥0 = growth angle; oce = (7t/2) — To. <5aE > 0 is condition of narrowing, <5o(e<0 
is condition of expansion. 


Here R| and R 2 are main radii of the curvature of liquid surface, g is the gravity 
acceleration, y is the surface tension, p is the density, h is the height of the 
solid-liquid surface above the melt level. 

In the case of the linkage of the liquid on the shaper edge (see Fig. 2), the 
boundary condition will be the following; 

Z | = d (2) 

Here d is the distance along axis Z from the edge of the shaper to the flat surface 
of the liquid, d determines the pressure in the liquid, moreover d < 0 for the positive 
excess pressure. 

During the pulling of a crystal rod from the melt the angle between the crystal 
surface and the tangent to the melt surface at the liquid-solid interface, has a definite 
value *Fo for a given crystallizing material. If the angle between the horizontal and 
the tangent to the melt surface at the interface is a e — (n/2) — 1 j/ 0 , the crystal 
rod grows with a constant cross-section [9], Therefore the boundary condition 
on the bottom of meniscus is; 


(dZ/dr | r=R(t )= —tgtt e (3) 

In [10] the analysis of the Eq. (1) with the corresponding boundary conditions 
was performed for growth of crystals with different simple cross-section shapes 
and determined a character of the profile curves of the meniscus. In particular 
the results of numeral decisions for the growth of rod with round cross-section were 
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obtained for different diameters of the shaping hole and for pressure d = 0.5/2r and 
0. The limited heights of the liquid columns as a function of radius h(R), profile 
curves and a pressure are given in Fig. 3 in units of the capillary constant 

a = (2y/pg) 1/2 . 

It is possible to consider more complex crystal products as a combination of its 
simple pieces (rods, plates, tubes). 

In particular, stability of the growth of the crystal rod depends on the deviation 
rate of the radius of its cross-section dR and on the deviation rate of the height of the 
liquid-solid interface dh from their equilibrium values 


dR = ARRdR -f- ARhdh 
dh = A hr dR + A hh dh 


z/a; h/a 



Figure 3 The regions of stable profile curves for one main radius equal to oo. Surplus 
pressure: (1) d = 0; (2) d = 0.25/r; (3) d = 0.5/r. Border curves (1-4) and some limited profile 
curves (a, b, c, d, e, f) for different radii of shapers r: (1) 0.1; (2) 0.5; (3) 1.0; (4) 5.0 
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For the system to be stable it is necessary: 
Arr + A R h < 0, A RR Ahh — A R hAhR > 0 


Nikanorov and Peller 


(5) 


The coefficients A RR and A R h can be found from the capillary equation for the 
growing crystal of the given shape and sizes when r, d, v are known and there are 
defined boundary conditions: 


Arr = — v(<5a e /<5Ro) 
A Rh = -v(dtt e /dh 0 ) 


Flere v = the growth rate, index 0 corresponds to the equilibrium radius and the 
equilibrium height of the interface. 

In the case of constant h, the stability of system is given only by the capillary 
effects: 


8R = A rr 8R (7) 

When Arr < 0 process will be stable. If R increases, the change of T'o returns 
the crystal to undisturbed state. When h changes, R changes too. But for A RR 
< 0 the change T will lead to a new stable state with some changed value of 
R. In [9,10] it was shown that the shaper gives the capillary stability. For example, 
the growth of a cylindrical rod for the condition of the linkage will be stable when 
R/r > 2' That condition of the capillary stability is an advantage of the Stepanov 
method in compared with the Czochralski one. 

The sign of thermal coefficients AhR and Ahh can be found from the decision of 
the non-stationary heat condition problem. The one-dimensional equation of heat 
conduction has the following form: 


(1/Xi) (<5 Ti/d t) = <3 2 T ; lb Z 2 ) - (v/ Zi ) (dTi/dZ) - (2 ft A R) (T, - T c ) (8) 

Here i = 1, 2 for a melt and a crystal respectively, Z is the coordinate along the 
growth direction, x\ is the thermal conductivity, /.i, is the heat emission coefficient, X is 
the heat conductivity, T c is the temperature of the environment. 

The boundary conditions at the bottom of the meniscus: Ti =T m (a tempera- 
ture of the melt), at the liquid-solid interface: T 2 = T 0 (the crystallization 
temperature). 

At the top end of crystalline product of the length / various boundary con- 
ditions may be defined: 

T 2 Uoo= T c , T 2 \z=i— T c , <5 T 2 /<5 Z | z= i = 0. 

At the interface the heat flow balance takes place: 

-h (S 2 T 2 /8 Z 2 ) | feh +2, (S T i/5 Z) | M = L p (v - 5 h/<5 1), (9) 

here h is the coordinate of interface, L is the heat fusion. 

It was shown [10] that Ahh < 0, and A R h. >0, A R h <0 and A RR . may have 
different signs. In such systems there are thermal stability (Ahh < 0) and mutual 
stabilization (A Rh A h R < 0). When A RR < 0 the system will be stable. When the 
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capillary stability is absent, the system can be stable since there is mutual 
stabilization. But in that case it is necessary to analyze actual values of the 
coefficients. 

The consideration of the stability of the growth of different shaped crystals 
(rods, plates, tubes) [10] and of experiments results in the following conclusions: 

(a) growing shaped crystalline products with constant cross-section by the 
Stepanov method is easy when the relation between the crystal and shaper 
sizes is (R/r 0 ) > \. 

(b) There is the development of self-stabilization shaped crystal growth by the 
Stepanov method during forced-cooling of a local region of product. 

(c) There is the development of self-stabilization for increasing pulling rates. 

It was shown also that pulling of aluminum tubes is a more stable process when 
the diameter increases. Besides the excess pressure makes process further more 
stable. 

Experimental tests confirmed the theory for a number of materials growing in 
an inert medium or vacuum. But for aluminum products growing in the air 
experimental values of limited stable heights of the meniscus lift were higher than 
theoretical calculations. In [11] it was determined that the oxide film on the surface 
of the liquid column of aluminum alloys increases the effective capillary constant. 
This increase develops with the curvature of meniscus. Thus the oxide film makes 
the height of the melt column higher, increases the stability of growing, and gives 
the possibility of pulling thin products and narrow channels in aluminum products 
(down to 0.5 mm). 


3 EQUIPMENT 

To realize possibilities of the Stepanov method, special installations and instrumen- 
tation are necessary. The installations are developed in order to obtain a large assort- 
ment of products. But each shaper is intended for growing only one type profile or 
some similar types. 


3.1 Installations 

The Stepanov method gives the possibility of pulling out a product from its melt 
continuously. But installation can work both continuously and semicontinuously 
[6]. Interruption of growing is connected with limited height of rooms and features 
of installations placed in them. In addition the semicontinuous installations are used 
for products of large-size cross-section, for the stiff material which is difficult to pack 
in the reception device during pulling from a melt. The use of semicontinuous instal- 
lations facilitates the problem with a constant level of the liquid-solid interface and 
mechanical perturbation in an area of shaping during prolonged time. The type 
of installation, its size, electric power of melting furnace and other characteristics 
are conditioned by properties of melting material and requirements to a shape, size 
and mechanical properties of growing product. A number of experimental and 
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experimental-industrial installations of continuous and semicontinuous processing 
were developed at Ioffe Physico-Technical Institute of the Russian Academy of 
Sciences, St. Petersburg. 

(A) Installation of semicontinuous acting consists of 7 principal parts: 

1. All main elements of the installation with the exception of a furnace and 
control desk are positioned on a bed. 

2. Pulling device gives a translation of the pulling rod with a seed of 
crystallization. For example, the mechanism can consist of a guide with 
moving carriage, steel line with a block, and winding roller with electric 
drive and reducer. 

3. Mobile table is a support of a shaper. Keeping of constant level of melt 
comparatively the shaper attains by vertical translation of the table during 
expenditure of the melt in crucible, by means of electric motor and reducer. 

4. There is the moving resistance furnace to melt and to keep constant tem- 
perature of a metal. 

5. Air cooling system with a compressor provides forced cooling and 
crystallization of product pulled out of a melt. 

6. Water cooling system reduces temperature of the installation near the 
melt. 

7. Control desk has start-control apparatus. It has also control, measuring 
and indicating instrumentation. Particularly, there is direct electric drive 
of a pulling device and of mobile table. 

Developed installations can be classified according to maximal sizes of 
products: 

1. Installations with chamotte-graphite crucible of 70 kg aluminum melt. 
They give the possibility of growing products of the following 
cross-sections: for flat profiles up to 0.24 m; for bulk profiles inscribing 
into circle up to 0.15 m. Maximal length of the profiles ranges from 2 
to 3 m. Nominal power of furnace is 20 kVA. Input power of the instal- 
lation during the work is 7 kVA. One of the installations, ASP-1, is shown 
in Fig. 4. 

2. Installation ASP-3 for obtaining of profiles of 3-4 m in length with a 
cross-section up to 0.65 m for flat profiles and up to 0.5 m diameter 
for bulk profiles inscribing into a circle. These installations can work with 
cast iron crucibles and in some cases with chamotte-graphite ones. The 
drive moving a seed along a vertical direction is made in the form of 
two carriages (two pairs of guides) with transverse balk divided by a hinge 
[ 12 ]. 

3. Installation of very large sizes with a cast iron flat crucible was also used to 
produce profiles of 1 m width. 

Besides, some improved installations were developed for experimental and 
industrial production of profiles from 4.5 to 6 m in length. In those installations, 
an increase of the stiffness of their parts and stability of mechanism work, of stan- 
dardization level, and the number of interchangeable components was provided. 
Thermal efficiency of the furnace was increased. Metal guides could be made, both 
totally and complicated, to increase a length of profiles. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Shaping by Pulling from the Melt 


703 



Figure 4 Installation of semicontinuous acting. 


(B) Installations of continuous acting have a merit in comparison with 
semicontinuous one. It is possible to pull up a product of very large length, minimize 
operations of seeding, and reduce expenditures of raw materials and energy capacity 
per unit of product. But organizing the working of the continuous installations has 
some difficulties. First, the pulling device must give interrupted motion of product. 
Continuous supplement of a crucible by a melt must take place. It is necessary 
to have a device of interrupted extraction of a ready product. Roll systems trans- 
porting pulled products must be constructed so they do not induce any mechanical 
perturbations in a melt near liquid-solid interface. For suppression of some waves 
in a melt it is possible to use dampers or stopping devices. The system of continuous 
replenishment of a melt into a crucible was used. A double-chamber crucible with 
connecting channels was employed. Molten metal in an accessory is supplied by 
melting an aluminum band. Continuous reception of aluminum products was carried 
out by way of winding on a roller of a large diameter. In the case of complex shapes 
or for stiff products, the reception was accomplished in pieces. Products were 
cut periodically and removed by a special device during continuous pulling out [6]. 
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3.2 Instrumentation 

It is necessary to have interchangeable instrumentation for an installation to grow 
specific products with specific shape and sizes. It can be used to pull profiles of 
one kind or different kinds but having similar configuration. The instrumentation 
is shaping device, removable crucible and some others. 

The shaping device is intended to fulfil a number of the following functions. It 
enables the capillary shaping of the column of a melt. It maintains a constant level 
of liquid-solid interface during the growth to make a profile of invariable 
cross-sections. It gives mechanical tie to the pulling device and growing product. 

The shaping device consists of a shaper, cooler, seed holder, seed, frame and 
other details. Construction of the shaping device is to satisfy some additional 
demands [13]. It makes it possible to control temperature characteristics of 
crystallization and cooling together with the system of automatic control. Its design 
is to allow us to observe the shaping zone, have necessary stiffness and good thermal 
insulation from cooler up to 700-750°C. It must have simple construction and be 
light. Its low cost is very important for the efficiency of the Stepanov method. From 
the viewpoint of casting processes, shaping device is a new type of crystallizer, con- 
tactless one. 

(a) A shaper has a key role to obtain predetermined cross-section of growing alumi- 
num product. It is the holder of molten metal meniscus. Besides its profile hole limits 
the area of the melt where a product is growing from. The temperature of the melt 
near liquid-solid interface and the pressure in the melt depend on shaper con- 
struction [6]. The sizes of product cross-section depend not only on sizes of shaper 
hole but also on growing process (thermal regime, pressure in the melt). It is necess- 
ary to take into account the change of sizes of product due to capillary shaping, 
thermal expansion and the change of volume at phase transformation of aluminum. 
A shaper is to be undistorted up to 7 50-800° C and also after sharp changes of tem- 
perature in that temperature range. It is not to dissolve into molten aluminum. 
The shaper of small size product without internal hollows is a plate with a slot. 
The shaper of profile with internal hollows is made composite because it is to have 
details shaping the hollows into the growing product. At the same time, construction 
of the shaper is to be simple and stiff, so as to resist distortion due to the difference of 
temperature in upper and lower parts of it. It is necessary that holders have some 
freedom for thermal deformation. The height of the rods limiting the internal hollow 
should be shorter than twice their diameters. 

The scheme of the shaper of a smooth wall tube is shown in Fig. 5. The shaper 
(Fig. 5-1) consists of the carcass, outer ring inset (1-2) and internal inset (1-3). A 
melt is shaped by filling the slot between the insets [6]. A shaper can be made from 
metal, ceramics and other materials. As a rule, cast iron of different trademarks 
is used for shapers working in aluminum melt. It is not wetted by molten aluminum 
alloys. 

(b) The cooler is the receiver-distributor of air (gas or steam). It intensifies 
cooling of a growing product resulting in increased pulling rate [6]. Cooling air 
is to be distributed uniformly along the pulled profile perimeter to have the flat 
liquid-solid interface. It is necessary to keep in mind here, the influence of shaper 
on the form of the interface. But the cooler is more universal. It is possible to 
use the same cooler to grow different simple profiles but one type, for example, near 
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Figure 5 Shaping device of smooth wall tubes. 1. Shaper; 1-1 body; 1-2 outside ring inset; 
1-3 internal inset; 1-4 surface of the heat shield; 1-5 work volume of the shaper; 1-6 channels 
of feeding a melt. II. Cooler; II 1 feeding air into cooler; II 2 receiving chamber; 11-3 dis- 
tributing chamber; II 4 holes of jet blowing; II 5 channels for cooling by water. 


sizes tubes. Fig. 5-3 shows the scheme of cooler for obtaining smooth wall tubes. The 
air (II-I) fed through some insets passes the in taking (II- 2) and then the distributing 
chamber (II-3). 

The best distribution of air pressure along the cooler perimeter is due to the 
collector and jet blowing through the hole (II-4). The cooler is cooled in turn by 
means of water. Localization of the insets causes some nonuniformity of the pressure 
along the cooler counter. The outputs of the distributing chamber can be slots in a 
body or nuzzles on it. In that case it takes place wide-band so called slotted blowing. 
Such blowing is used to cool simple profile similar ribbons or circle tubes. For 
cooling complicated profiles outputs of the chamber are holes. Jet blowing is used 
as a rule to cool profiles with different wall thicknesses. This blowing is more efficient 
in relation to air expenditure per weight unit of a product. To intensify blowing on 
thick- walled parts of profile two- and many-row disposition of holes is used as well 
as the decrease of spacing among them. However, one must keep in a mind that 
intensification of jet blowing can cause mechanical deformation of growing products 
and precautions are to be taken to counteract this process. When the product 
cross-section shape and consequently design of holes at cooler are complicated, 
it is sound practice to sectionalize the distribution chamber and set into air input 
the calibrated plugs with holes. Coolers for complicated profiles make it possible 
to blow up not only outside but internal parts of pulled product. 

In some cases, some parts of the products produced by the Stepanov method 
have irregular thickness. It is connected with asymmetry of heat field induced by 
thermal fluctuations. In those cases a dosed injection of refrigerant, to separate 
pieces of the crystallizing product surface, is used to compensate for the thermal 
fluctuations near the crystallization zone [14]. 
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(c) First of all, accessories of the shaping device are a seed and its holder. They 
provide extracting first portion of a melt and coupling pulling device and growing 
product. The seed is bent in the form of the slot with help of a mandrel or by bending 
means, and is fixed at the holder. Seed materials are copper, nickel or other metals 
and alloys wetted by the melt. The accessories are also the frame to tie shaper 
and cooler, seed rod, water and air tubes and others. 

(d) Unification of shaping devices increases efficiency of production by the 
Stepanov technique [13]. In practice the unification of both constitution of 
assemblies, blocks, details and their sizes takes place. Unificated blocks, details con- 
necting mechanisms and systems of installation with main parts of shaping device are 
widely used at an assembly. 

For the unification, it is advisable to classify the profiles obtained by the 
Stepanov method. In particular, the unification of shaping devices at fabrication 
of profiles for solar power energetic was made on the basis of classification of 
the products into groups according to their shape (square, rectangular, circle etc) 
and sizes. Twenty different profiles were divided into six groups. Then six modes 
of shaper bodies were developed. Each of them gives the possibility to produce from 
one to nine kinds of profiles by means of special interchangeable insertion pieces. 
Only five modes of cooler bodies were necessary to make all profiles mentioned 
above. 

Apart from the shaping device there are other kinds of instrumentation. Thus a 
continuous acting installation is a complex of interchangeable pulling rollers and 
dampers. They can differ for individual groups of profiles with similar shape 
and sizes. Crucibles of different sizes are also interchangeable. 

It is possible to use chamotte-graphite, chamotte-graphite-silica carbide, cast 
iron and other crucibles. 


4 TECHNOLOGICAL PARAMETERS 

Capillary effects allow to obtain profiled aluminum products with cross-sections of 
different shape. Directional heat removal and flat liquid-solid interface make easier 
drawing out of dissolved gases. The product has high density. Liquations and shrink 
holes are absent. Dense oxide film creating on aluminum in air makes it possible to 
carry processing without protected atmosphere. Simplicity of measuring melt 
temperature, growth rate and temperature gradient in product permits optimum 
control conditions of crystallizing. However, success in realizing the objective results 
from the large amount of effort in supporting technological regimes. 

The basic parameters of the process is the following: (1) melt temperature; (2) 
pulling rate; (3) height of free melt surface above its surface into shaper (excess 
pressure in the melt); (4) intensity of cooling [6]. The first three parameters can 
be measured directly, the fourth one is evaluated indirectly on expenditure, tempera- 
ture and humidity of air. The temperature of aluminum melt is measured and regu- 
lated by means of a chromelalumel thermocouple. The melt level in relation to 
shaper is monitored by a special servosystem. Such systems allows one to keep a 
constant melt level by means of an automatic regulating drive on the mobile table. 
Measurement of the melt level in a crucible allows to organize the portion 
supplement of crucible by aluminum. 
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Cooling intensity of a crystallized product is controlled by means of measuring 
air expenditure with a rotameter. It is possible to control both the whole of the cooler 
and its sections. Automatic control of cooling is preferable, but in that case it is 
necessary to regulate all the parameters above. Velocity of pulling carriage with 
product is measured with tachogenerator or voltmeter connected to an armature 
circuit of a shunt pulling electric motor of independent excitation. High stability 
took place with electric drive based on direct-current motor with the exciting of 
permanent magnets. Such a system can use a traditional frequency transformer- 
rectifier device. It is best to use a inverter with nontransformer output. 

Automatization of all the control by computer can be rigid when the par- 
ameters mentioned above are supported with some accuracy. Flexible system con- 
trols constancy of profile geometric sizes by means of regulation of one or a few 
parameters via a feedback circuit. 


5 THERMAL CONDITIONS OF THE PROCESS 

Thermal conditions play the main role in the process of obtaining profile aluminum 
products [15]. The rate of the process depends on the rate of crystallization. The 
latter is determined by the rate of removal of latent heat of crystallization. That 
is why regulation of the heat removal through crystallizing product gives the possi- 
bility of running the rate of pulling, shape, structure and properties of the product. 
Stability of the process depends on the temperature distribution in crystallizing prod- 
uct and thermal field in a melt near liquid-solid interface [6]. 

Heat exchange is determined by heat flows from crucible walls to a melt, out of 
the melt to the interface and through it, by latent heat of crystallization, heat flow 
along the pulled product and flows from and to walls of different parts of an 
installation. These heat flows are interconnected and influence each other. Stability 
of the pulling process is established by heat equilibrium in crystallization zone. 


5.1 The Condition of Shaping 

A. The Stepanov method has merit in comparison with traditional casting 
methods. There is more constant thermal condition of process because 
a growing product has direct thermal bond with the bulk of liquid molten 
metal. 

B. The main role in regulation of heat flows and thermal field plays heat tech- 
nological zone. It consists of a crucible with a melt, a furnace with heaters, 
a shaper, a coolers and heat shields in some cases. The zone is to give [6,15] 
a horizontal flat thermal field near the shaping hole and above it, assigned 
vertical temperature gradient in a melt and crystallizing product and 
overheat of all melt bulk to avoid spontaneous crystallization. The heat 
zone determines stability and reproducibility of thermal condition. 

C. Heat scheme of the process and temperature distribution are shown in Fig. 
6. At the liquid-solid interface the heat flow balance takes place: 

Qi = Ch + Lpv, (10) 
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Figure 6 Heat scheme. Left part is cooling device. L = liquid piece of article; A = buffer 
zone; B = cooled zone; C = part cooled by free convection; T cn , T 0 , Ti are the temperature 
of medium, crystallization and melt, respecively; Q = heat flow; h = height of zone and part; 
So = width of shaping hole, S = thickness of product. Arrows show heat flows. 


where Q is heat flow, i = l,2 for a melt and crystal, respectively, and 
Lpv = A j G i — A 2 G 2 . (11) 

Here G; is the temperature gradient. 

In (10) and (11) the heat flow connected with the movement of growing 
product is not considered because its value in both phases is the same 
and the temperature break is absent. Heat of crystallization is removed 
only by means of a heat conductivity that is due to high temperature 
gradient. The height of the liquid column of aluminum above a shaper 
is small (0.5-5 mm). Therefore it is possible to neglect heat flow through 
its side surface. Heat flows Qa, Qb and Q c remove a heat of crystallization 
and allow to cool the product. 

D. (a) In the case of pulling the product of alloys there is a crystallization zone 
between liquid and solid states of crystallizing material. Temperatures of 
its bottom and top correspond to liquidus and solidus of the alloy, 
respectively. The length of the zone depends on the thermal regime of 
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pulling [6], In the case of A1 and Al-based alloys, an oxide film exists on the 
surface of a liquid column. It leads to more intensive cooling of the liquid 
zone. 

(b) The thermal conditions of the process were investigated for a pulled 
aluminum rod of 20 mm diameter with length up to 2 m. The results 
of the investigations [16] of temperature distribution in a melt, crystallizing 
zone and near it are shown in Fig 7(a). 

The cooling rate of the metal in zones is determined by equation: 


v c = (T b — T e )/t (12) 

Here T b and T e are the temperature in the beginning and the end of the 
zone. Results of determination of the cooling rate are given in Table 1. 
The length of the crystallized part of the rod and radial crystallizing rate 
as a function of time are given in Fig. 7(b). It is seen from Fig. 7(a) that 
the solidification of metal takes place in the zone of air injection III. Then 
the cooling rate reaches (Table 1) maximum value (0.75-0.85°C/sec). Fig- 



Figure 7 Heat conditions of the growth of 20 mm diameter aluminum rod. (a) Isotherms at 
crystallization zone: 1-12 numbers of thermocouples (1-3 thermocouples moving together 
with pulled crystal, the rest are fixed), I-IV cooled zones. Arrows show cooling air flows, 
(b) Dependence of the length 6 of crystallized part of the rod (1) and the rate of radial growth 
v on time of motion of the rod t (2). 
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Table 1 Cooling Rate of Metal in Zones, °C/s 1 


Number of 
thermocouple 
in Fig. 9(a) 

Zone I 

Zone II 

Zone III 

Zone IV 

Zone V 

1 

0.06 

0 

0.75 

0.37 

0.09 

2 

0.04 

0.04 

0.85 

0.35 

0.09 


ure 7(b) shows that crystallization of the rod over all cross-section occurs 
during 0.8 min and maximal rate (2 cm/min) corresponds to the time 
0.2 min from the onset of crystallization. If rather a higher coefficient 
of heat transfer and linear temperature distribution in oxide film is taken 
into account, then it is clear that the cooling rate in zone III and the 
solidification rate are high, 0.85°C/sec and 1.5 cm/min, respectively. They 
are close to those for continuous casting. 

(c) Very important practical meaning has the heat transfer coefficient of 
product, a. There are some calculations of a by means of empirical 
equation [6]. Thus, in the case of natural cooling by free convection a 
is about 11.6-35 Wm“ 2o C _l . This coefficient changes with temperature 
very slowly in the range 400-700°C. Therefore it is possible to use the 
Newton’s law Q — a T. In stationary regime of crystallization for operating 
pulling rates the air cooling removes at least the latent heat of 
crystallization. Ceasing the process at the moment of detaching the 
blowing proves it. It gives the possibility to calculate a in the zone of 
frontal blowing [17]: 

a = (pLv/AT)(F 1 /F 2 ) (13) 

Here AT is the difference between the temperature of crystallization and of 
environment, F j is the cross-section area of pulled profile, F 2 is the blowing 
surface. It is possible to calculate a according to (13) for Fj is approxi- 
mately equal to the area of shaping slot that is for the low crystallization 
interface. In the case of the high interface, the share of heat removed 
by blowing from liquid zone of pulled product is great. This results in 
too low a value a. Equation (13) may be used to calculate a only for 
samples without internal hollows. For tubes pulled with forced air cooling 
of outside surface a may be calculated by the following equation [17]: 

a = [(pv L/AT)F!/F 2 ] - ai (F 4 /F 2 )(AT 1 /AT) (14) 

where oq is the coefficient of heat transfer for free convective heat exchange 
in internal part of the tube, F 4 is the internal surface of tube conforming the 
zone of blowing on the outside, A Tj is the difference of the temperature of 
crystallization and of medium within the tube. The value of a decreases 
when the distance between air holes and cooling surface increases. 
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In [18] the hypothesis on presence of an “instant” regular regime in 
blown zone for variable a is put forward. Within this connection the value 
a calculated by means of (13) and (14) is the effective coefficient of heat 
transfer, a e ff (a in the zone of effective cooling). The zone of the most inten- 
sive cooling is, as a rule, higher than the interface. The height of the cooling 
zone above shaper and blowing intensity are selected so as to except per- 
turbation of liquid zone under air flow. Under cooling zone, the heat 
removal by free convection [6] takes place mainly. 

(d) The main role at shaping structure of pulled material belongs to the 
cooling rate in crystallization range, so called crystallization index [19]: 

ZCr — ATo/ A ter = V Gcr, ( 1 5) 

where AT Cr is the temperature range of crystallization, At Cr is the time of 
passing by the profile through the crystallization range, G Cr is the tem- 
perature gradient in the crystallization range. 

The crystallization rate influences more efficiently on metal capacity (the 
weight of length unit). It is proportional to the thermal capacity and 
depends on geometry and sizes of pulled product [6,20]. It is possible 
to take G Cr equal to (Ti - T 0 )/h, where Ti is the temperature of the melt 
and T 0 is the crystallization temperature, h is the height of liquid column 
[ 21 ]. 

E. It is worth taking into consideration the results of some technological 
observations. Note that the rotation of the pulled product and liquid 
column in opposite directions increases an intensity of heat exchange. 
At the same time it leads to a break of the oxide film from an edge of 
a shaper [14,22]. Uniform growth of all products (Al-1% Mn tube with 
outside ribs) depends on the distribution of cooling air. The places of freez- 
ing correspond to places of maximum blowing. The height of 
crystallization interface increases deep from outside wall. The difference 
of the height is equal to 0.3-0. 5 mm for the tube with a 3 mm wall. 


5.2 Temperature Field at the Crystallization Interface 

A. The most influence on character of crystallization has the thermal field 
near the growth interface. In the case of crystallization of aluminum it 
is necessary to consider the liquid column of the melt above shaper, 
the interface and solid. For some alloys it is necessary to inspect the 
crystallization zone. The crystallization zone and liquid column together 
are called the transient zone. 

B. The length of liquid column of aluminum alloys is about 0. 5-5.0 mm. The 
length of the transient zone, L, has the following sizes for different alloys. 
Ribbons of Al-2% Mg-0.4% Mn alloy with temperature range of 
crystallization ATc r = 25°C have L equal to 2-4 mm. Ribbons of Al-6% 
Zn-2.2% Mg- 1.7% Cu-0.4% Mn-0.2% Cr alloy with AT Cr =161°C have 
L equal to 15-40 mm (in the case of free convection about 35-70 mm). 
L is equal to 5-110 mm for 29 mm diameter circle tubes of the same alloy 
in the case of external cooling only. 
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C. Graphical analysis shows exponential character of the temperature distri- 
bution in liquid zone [23]: 

T L = Ti — AT tr exp(k,Z), (16) 

where T L is the temperature of liquid column above shaper; AT T r = Ti - 
T 2 , ki is coefficient. Decision using of the Newton’s and Fourier’s 
equations gives the following temperature distribution along Z; 

T L = Td — ATjr exp(aZ/Ai) (17) 

Flere is the thermal conductivity of liquid phase. It is seen from com- 
parison of (16) and (17) that coefficient k, = <xl X\. It is the relative transfer 
coefficient. 

Experimental investigation shows that temperature gradient at the inter- 
face Gj nt = Gi = G 2 , where subscrits 1 and 2 correspond to liquid and solid 
phases near the interface. Then, on the basis of the thermal equilibrium 
equation it is possible to receive the following equation of temperature 
gradient at the growth interface [23]: 

G in = vp,(L + Ci AT T r)/(A 2 - h) (18) 

where Ci is the thermal capacity of the liquid phase. The difference 
between values of Gj nt calculated according to (18) and measured is smaller 
than 5% [23], 

Investigation of the pulling process of a 29 mm diameter tube of based 
aluminum alloy, so called duralumin (Al-4% Cu-1.5% Mg-0.6% Mn), with 
the temperature of liquidus T L = 638°C and temperature of solidus 
T S = 502°C gave the following result [23]. 

Temperature of the melt near to the shaper bottom was equal to that in a 
crucible, about 670-680°C. The change of temperature of the melt begins 
since 15 mm depth to the top of a shaper. On the top of the shaper 
the melt has a temperature approximately 20°C lower (650-660°C). G\ 
enhances from 0 to 2-3°C/mm. In the liquid column above the shaper 
the gradient increases to 4.5-5. 5°C/mm and temperature lowers to 
liquidus temperature. 

5.3 Temperature Distribution in Solids for Forced Blowing 

The character of the change of temperature gradient is similar to the change of 
cooling rate along the length of pulled product [6]. Experimental curves of the change 
of temperature and of its gradient for 29 mm diameter duralumin tubes are shown in 
Fig. 8. The tube, after passing the crystallization zone, is cooled by free convection. It 
is seen that the temperature of the product above crystallization zone reduces 
smoothly, the temperature gradient decreases monotonically [23]. 

5.4 Influence of the Shaper 

A. The shaper not only forms pulled product cross-section but is a 
thermoregulator. It influences temperature distribution in the melt both 
at a crucible and near the growth interface [6], It is connected differently 
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Figure 8 The change of temperature ( 1 ) and its gradient (2) in work volume of shaper, liquid 
zone and pulled product: (3) work volume; (4) liquid zone; (5) zone of crystallization. T s is the 
temperature of solidus, Tl is the temperature of liquidus. 

to its thermophysical properties from that of crystallizing melt. The influ- 
ence of the shaper is most noticeable in the case of intensive blowing 
of pulled product when part of the air flow is deflected to the shaper. Con- 
vection heat transfer from it increases and the shaper cools off. The upper 
open surface of the shaper is cooled most intensively. [24]. This decreases 
the overheat of a melt in the work space of the shaper. The work space 
is a volume inside a shaper. The melt within it is continuously 
supplemented from a crucible during the pulling process. 

B. The intensity of cooling of the work space by a shaper can be quality 
characterized by the value W = F c /Fh, where Fh is the surface of the work 
space of a shaper which is heated by a melt, Fc is the open cooling surface 
of a shaper. They are determined by projection of the real areas on hori- 
zontal plane on the level of the work volume bottom [24]. The overheat 
is removed through a shaper body and a liquid zone. There are a few types 
of shapers of different W (see Table 2). A very hot shaper has minimum W, 
a very cold one has the most W. Every shaper allows to pull a product with 
certain minimum overheat of a melt. This minimum overheat is smaller 
when the value of W is lower [24], It is worth noting that there are also 
shapers with W ranging between the above. 

Characterization of shapers by W can be used to project constructions of 
shapers for different profiles. Very often different insets in shaper are used to grow 
products of different cross-sections. These insets with different W allow to control 
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Table 2 Classification of Shapers on Heat Remoal 


Type 

Design philosophy 

Very hot, W < 0.5 

Shaping slot is in the plate reached by a molten 
metal both inside slot and outside the plate. 

Cooled area of the plate is smaller than the 
projection of area of internal side surface of the slot 
on horizontal plane. 

Moderately hot, W = 0. 2-2.0 

Shaping slot is limited at the top by plane insertion 
along its perimetr. Its cooled area is larger then 
projection of area of internal side surface of the slot 
on horizontal plane. 

Very cool, W > 2 

Shaping slot is limited inside and internal 
walls reached by a melt. Cooled surface is large. 


the growth of oxide film on the surface of a pulled product in its liquid zone. The 
insets can be used as parts of the shaper to pull the product of complex cross-section 
with walls of different thicknesses, branching, bend and closed counters. The insets 
give both required heat removal, flat isotherms of heat field for profile of different 
thickness walls and easy filling of shaper slot with melt. Right choice of a shaper 
with necessary W also gives possibility to suppress the growth of parasitic dendrites 
on a product surface. 

Heat characteristics of shapers can be quantitative [23,25], They are based on 
Eqs. (16) and (17) which show exponential distribution of temperature along the 
growth axis. The value of index of the exponent is established by geometric sizes 
of shaper (depth, width) and heat properties of a product. It gives the possibility 
of classifying shapers by G and overheat (Ti — T L ) which determines the structure 
of product and productivity of process. 

5.5 Cooling of Product 

The pulling of a shaped product is possible without forced cooling in the case of 
natural free convection. But forced cooling enlarges productivity and makes better 
structure and mechanical properties of products. A number of investigations was 
performed to intensify cooling of growing profiles. 

(a) More effective cooling takes place in the case of additional cooling zone 
above basic zone. Cooling in two zones gives the possibility of increased 
intensity of cooling and avoids displacement of the liquid column. This 
results in the increase of crystallization and pulling rate. It is especially 
important in the case of alloys with a wide temperature range of 
crystallization. Additional cooling zone influences structure by means 
of degeneration of secondary axes of dendrites [26]. 

(b) Water-air mix cooling of duralumin tubes increased the temperature 
gradient by about 25-30% and the cooling rate in crystallization zone 
in comparison to two-zone cooling at the same pulling rate [27]. 

(c) It is necessary to use internal cooling together with external for pulling of 
monolithic products with hollows along them (with internal dividing walls) 
and of closed profiles with internal parts it is necessary to use internal 
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cooling together with external. Two-side cooling in the some cases is useful 
to obtain rather simple profiles, for example, smooth tubes. Then the 
growth interface is more flat over thickness, the threshold of hydrodyn- 
amic stability of melt column enlarges, the geometry and structure of prod- 
uct is more constant over its length [14]. 


6 PHYSICAL CHEMISTRY OF PROCESS 

1. Interaction of alloy components and impurities with aluminum and between them 
is similar to that for other techniques using molten based aluminum alloys. It 
depends on the chemical composition of the alloy, its components and impurities, 
their distribution coefficients. This interaction is determined by phase diagram. 
The kind of alloys used is also important (primary, secondary or scrap of certain 
composition). 

2. Aluminum has rather high chemical activity. Therefore molten Al-based 
alloys interact with gases in the furnace and refractory materials of installation. 
It results in many elements and compounds going into a melt. There are H, O, 
C, N and metal elements or their compounds in the melt. This influences process 
stability as well as structure and properties of profiles. There are some distinctions 
of the Stepanov method in the interaction from other casting processes [28]. 

(a) The atmosphere in resistance furnace is the air with some moisture content. 
As a result, oxide film develops on a product surface. The interaction of 
molten aluminum with water vapor gives hydrogen which dissolves in 
the melt. Nitrides also arise. They can go into growing product. The oxide 
film produces the resistance of further oxidation of A1 and of absorption 
of hydrogen. This resistance depends on alloy composition. Particularly 
the oxide film of Al-Mg alloys has some porosity and its resistance effect 
is rather weak. 

(b) It is very important to take into account the interaction of molten alloys 
with a crucible and a shaper. There is long-term contact between them. 
Aluminosilicate refractory crucibles (chamotte and other) interact with 
molten aluminum reducing silica to silicon. In addition, refractory 
material of the crucible is impregnated by the melt along cracks. In this 
situation the crucible can be destroyed due to a difference in the thermal 
expansion coefficients. Such effects can be lowered by the use of a 
chamotte-graphite crucible because of its smaller chemical activity con- 
cerning molten aluminum. But it is necessary to bear in mind the rather 
strong oxidation of a graphite. It should be noted that the influence of 
alloying elements on the process of the reducion of SiCF. This takes place 
when Ti increases. 

Very often a cast iron crucible and shaper are used. In this case it needs to 
account of gradual solution Fe into molten aluminum. Carbon of cast iron decreases 
slightly the solution. To decrease corrosion in a melt, special refractory and 
chemically stable paints are used [12,28]. But this problem is not settled totally. 
Magnesite and silicon carbide are also promising refractory materials. 
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(c) A great influence of the parameters of growing process (Ti, v, G and 
others) on the interaction of a melt with surrounding materials is to take 
into account. 

3. Purification of a melt can be carried out by the same methods as for other alumi- 
num technologies: settling, fluxing, filtration and others [28], Some of them were 
tested and used for the Stepanov method. It is advisable to make the purification 
before inflow of a melt into the work crucible. In any case, it should be made before 
the shaping zone. The method of refinement is chosen with regard to required proper- 
ties of growing profiles. 

4. It is well known that the composition of crystallized solid differs from that of 
liquid due to different solubility components and impurities in both phases [29], In 
the case of normal crystallization of melt column with the flat interface the impurity 
concentration can be given by the following equation [29]: 

C L = Co + C 0 [( 1 - k e ff)/k e ff] exp(— Rx/D) (19) 

Here Cl is the concentration of the impurity in the liquid on the depth x from 
the liquid-solid interface, C 0 is the initial impurity concentration in a melt, k eff 
is the coefficient of effective distribution of the impurity which changes from 0 
to 1 depending on crystalization conditions, R is the velocity of interface moving, 
D is the diffusion coefficient in the liquid. 

The exponential decrease of impurity concentration with the increase of dis- 
tance from the interface follows from (19). k e ff in the case of Al-based alloys is 
usually smaller 1. This results in a small increase of impurity in crystal during 
its pulling. 

The Stepanov method has many common features with normal crystallization. 
Particularly in that in both cases the whole material is melted. There is only one 
interface. At the same time there are some distinctive features, which can create 
other distribution of impurities in diffusion layer and change k e ff. Thus the growth 
rate of A1 profiles by the Stepanov techniques usually ranges from 30 to 150 
mmxmin” 1 and higher. Mixing melt is usually absent. There is a local zone of 
crystallization. Therefore the impurities are forced out into small volume of the melt 
column. Molten aluminum in a semicontinuous process of pulling is supplemented or 
changed after spending about 10-15% of bulk in the crucible. These peculiarities give 
stable impurity concentration in the transient diffusion layer. This results in constant 
chemical composition over the length of the growing product. It was confirmed in a 
number of researches [6], This point was investigated in more detail in the Stepanov 
method in the case of Mg-based alloys [30]. For these alloys, the character of an 
impurity distribution is similar to Al-based alloys (close density, melt points and 
identical components of alloy and impurities). It was shown that the increase of 
the concentration of impurities over the length of products is insignificant: for 
Fe to 0.001-0.002%, Cu to 0.0001-0.0013%, Si to 0.001%. 


7 QUALITY CHARACTERISTICS AND PROPERTIES 

Quality characteristics of pulled products are geometric sizes, the state of a surface, a 
structure, mechanical, physical and chemical properties. It is very important that 
both of those characteristics remain constant over the whole volume of one product 
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and over the group of products. Demands on quality depend on specific profile appli- 
cation. 


7.1 Geometry of Profiles 

1 . The notion of the geometry includes both the sizes of a product and the perfection 
of its shape. Usually, the accuracy of sizes of cross-section along different directions 
and of wall thickness is examined. In the case of a lengthy profile, the flexure along its 
length is important. The shape and size of the longitudinal section are taken into 
consideration for a profile which has a curvature along its length. 

2. Demands on the geometry are variable for different applications. Thus all 
products grown by the Stepanov technique meet requirements to the geometry 
of heat exchangers to the full. For a number of applications as construction materials 
it is necessary to use profiles with rather tough demands on their geometry. In this 
case the profiles can be used both as grown and after mechanical treatment. But 
in some cases, for instance for wave guides, the demands on geometry are strong 
to such an extent that the Stepanov method is not expedient. 

3. Geometry of products depends on accuracy and stability of shaping and 
pulling devices as well as on technological factors. There are empirical dependences 
of cross-section sizes of some profiles. Thus the radius of rod cross-section r can 
be predicted [31]: 


r = r 0 — 0.018(1 -0.1h)h 3 (20) 

Here r 0 is the radius of shaping hole, h is the height of the shaper. By analogy one 
may find the thickness of a ribbon S: 

S = So - 0.018 (1 — 0.1 h 3 ) (21) 

where So is the thickness of shaping slot. 

4. It is necessary to take into account the change of linear sizes of cross-section 
at solidification of melt column: e = (l 0 — 1)/1, where 1 is the linear size of product 
cross-section and lo is the linear size of shaping hole (in the case of casting that 
is linear size of an element in a cast shape), e, takes into account the change of a 
size both due to crystallization and owing to capillary shaping. The Stepanov method 
differs strongly from conventional casting in e value, e ranges from 0.8% to 2.5% 
depending on outline of cross-section, presence of connecting strips and alloy [12]. 

5. The dispersion of sizes of different profiles grown by the Stepanov technique 
was studied in many works [6,12,13,31,32]. The scatter of geometric sizes was 
measured for smooth circle and rectangular tubes, ribbons, rods, multichannel pan- 
els, tubes in a plate, box-like shapes, double-walled tubes with connecting strips, 
other very complex shapes of cross-section of various dimensions. The scatter of 
sizes of the majority of products of different shapes over their group amounts to 
±1% for cross-section and ±10% for wall thickness. Curvature of the product 
(flexure) per length unit length is smaller than 0. 5-1.0 mm/ m. In the case of profiles 
of small cross-section (5-20 mm) and thickness of wall smaller than 1.2-1. 5 
mm, the size of straggling increases only slightly. The values mentioned above 
are in accord to that of pressed profiles. 
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Open elements of profiles, for example edges of plates or ribs, tend to more 
variability of sizes as against closed counters. Thus the scatter of sizes of 
cross-section of tubes with two ribs along them amounts up to 2.5%. But circle open- 
ings on the ends of slots shaping such ribs can make them thinner and some decrease 
of a deviation from rated value will take place. Note that some angular rounding off 
is observed in product grown by capillary shaping. The deviation of internal sizes of 
closed profiles is, as a rule, smaller in comparison with outer ones [31]. Changes of 
geometric sizes are maximum at the finish stage of the process when starting 
and transition regimes are important. 

In [12] and [32] it was shown that the difference of wall thickness can be reduced 
to 6% for the shaper with a stable unchanged shaping hole. Mixing a melt also 
increases the constancy of wall thickness over the cross-section and the length of 
the product [14]. Control of constancy of wall thickness was realized for groups 
of tubes with two outside ribs grown by means of continuous and semicontinuous 
processes. Their weight per unit length and geometric sizes were measured over 
all their length. Deviations from standard were lower than the values mentioned 
above. The constancy of thickness along the length of tubes was higher for the con- 
tinuous process. 

7.2 The Surface Quality 

1. Relief of surface, its structure and physical-chemical properties influence the 
strength, the friction coefficient, optic properties, the heat exchange and the 
corrosion resistance [6], Therefore the surface quality determines the product 
applications. 

2. The quality of surface for the Stepanov method is higher than for casting. 
Surface pores and shrinkage cavities are absent. It is connected with shaping molten 
material without any contact with crucible. The exterior view of product depends on 
alloy and its oxide film. 

3. The surface is characterized, its micro- and macrorelief [6,33]. Roughness of 
the product surfaces was measured by feeling with a needle, with optic microscope, 
and by interference method with a interferometer [33], The height of roughness 
determined by the needle was smaller than 14 fim, like pressed profiles. Optic 
microscope and interferometer saw higher smoothness. But microrelief does not 
show full characteristics of the surface quality. A surface can have some waviness 
with different spacing. The estimation of roughness in millimeters showed the 
highest class of smoothness. 

In the case of the centimeter scale, the class of smoothness approached the 
highest, but single products fell beyond it [6,33]. Measurements with a universal 
instrumental microscope on smooth circle tubes revealed waviness with an amplitude 
up to 0.05 mm (in isolated cases up to 0.1 mm) and wavelength ranging from 20 to 40 
mm. 

7.3 Structure of Products 

1. The structure depends on many factors. Among them there are chemical com- 
position of alloy, characteristics of the regime of pulling out, heat parameters of 
crystallization. This results in different structure types of Al-based alloy profiles 
grown by the Stepanov method and possibility to control structure during process. 
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2. Similar to continuous casting the most typical structure of products grown 
by the Stepanov method is dendritic. Different structure zones of products 
(columnar, fanshaped, equiaxial) are created by cellular, twin and equiaxial 
dendrites, respectively. The structure is determined by morphological stability of 
dendrites of definite type. 

The columnar macrostructure consists of large lengthened grains with devel- 
oped cellular substructure [34]. The size of grains and cells depends on the alloy, 
geometry of profiles and conditions of growing. Thus, 2 mm thick ribbons of 
technical-grade A1 pulled out at a rate ranging from 3 to 10 m/ hr and at overheat 
from 20°C to 75°C had the grain length ranging from 50 to 500 mm and transverse 
sizes of grain from 0.1 to 40 mm. The macrostructure did not change when the con- 
tent of Fe and Si increased, but the grain sizes decreased [6]. The columnar structure 
of technical-grade A1 tubes with diameter ranging from 3.6 to 5.0 mm and wall 
thickness from 0.2 to 0.8 mm formed at temperatures ranging from 715°C to 730°C 
and the rate of pulling out from 6 to 8 m/hr. The grains had the length of 8-16 
mm and width of 1.5-3. 5 mm. 

Misorientation angle changed from 2° to 4° [21]. The boundaries of impurity 
substructure are parallel with the long axis of the columnar grains oriented along 
(100). In two-side blowing of a ribbon, the grains nucleated on both surfaces of 
it under some angle (usually up to 10-12°). They developed deep into a melt up 
until they touched each other. In the central part of the ribbon it is possible to expose 
the liquating boundary of conjugation of these two systems of columnar crystals. In 
the case of blowing from one side, the nucleation went from this one. The grain 
grew under some angle in the direction of pulling out and throughout the product 
thickness [34]. 

The Al-1% Mn ribbons of thickness ranging from 0.3 to 4 mm and width from 
40 to 100 mm maintained the columnar structure from the onset of the process. 
Its grains were extended along the direction of pulling out. The grain sizes depended 
on the regime of pulling out. Thus, the increase of v from 5.5 m/hr to 13.5 m/hr 
results in a decrease of grains from 20 x 3 mm 2 to 6 x 1 mm 2 at temperature 680°C. 
The decrease of grain size was particularly connected with thinning down the ribbon. 
When the temperature lowered from 715°C to 665°C at v equal to 6.5 m/hr, grain 
dimensions became 2x1 mm 2 against 15x2 mm 2 . Precipitates of MnAIg phase 
in the form of chains extended along the ribbon were seen in longitudinal and 
transverse cuts of the microstructure [35]. The macrostructure of Al-(0. 8-1.6)% 
Mg tubes obtained at a rate of 9.5 m/hr and a temperature of 700°C was columnar 
in the first stage of process. Microstructure was /1-phase of Al-Mgg in the form 
of broken chains between dendritic axes [6]. 

The columnar structure was typical at pulling out of 2.9 mm diameter tubes of 
duralumin (Al-1% Cu-1.5% Mg-0.6% Mn) at temperature 680°C and rate of 3.4 
m/hr and higher (Gl ranged from 10°C to 12°C/mm, Gs changed from 1°C to 
2°C/mm). It was formed by cellular dendrites with long trunks extended along 
the side surface of the tube [36]. X-ray investigations showed (100) grain texture 
in the tube cross-section and crystallographic direction (100) coincides with the axis 
of pulling out. 

Misorientation angle of the texture was 1-5°. At rate of 3.4 m/hr, macrograins 
amount to 2-2.5 mm. Every grain in a longitudinal cut was formed by a family of 
parallel primary trunks of cellular dendrites (Fig. 9(a)). In a transverse cut, the grain 
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Figure 9 The structure of material of duralumin tubes (longitudinal section) for “very 
hot” shaper at temperature of the melt of 680°C and v = 5.7 cm/min (5' r ): (a) one zone 
cooling (8.2 m 3 /h); (b) two-zone cooling (in upper - 8.2 m 3 /hr, in lower - 6.2 m 3 /hr). 


consists of a group of 45 /<m equiaxial dendritic cells. Along dendritic cell 
boundaries, the eutectic interlayers arrange. They consist of a solid solution and 
5 fim thick intermetallic compound Al 2 Cu. The increase of rate of pulling out 
up to 3.9 m/hr leads to forming the structure like the one shown in Fig. 9(a). 
But unlike this structure, the dispersed cellular grains are shorter. The size of 
the dendritic cells in a transverse cut is about 30 fim and it changes from 120 to 
200 /an in the longitudinal one [36]. During this experiment the growing rate 
was increased from 3.9 m/hr to 4.2 m/hr and temperature gradient of liquidus 
and solidus came to 12-18°C/mm and 10°C/mm, respectively. This was made 
by means of additional blowing through the upper zone together with the lower 
blowing zone. In spite of the increase of a mean temperature gradient in the 
crystallization zone, the product structure was columnar. 

Fibrous structure is formed like the columnar one by cellular dendrites. It 
develops at the same rate but at a higher temperature of a melt. In the case of 
technical-grade Al, this structure has the length of grains ranging from 4 to 50 
mm. The grains are twisted in a spiral. Misorientation angle ranges from 6° to 
12° [21]. Fibrous structure in 29 mm diameter duralumin tubes develops at high 
overheat and large rate of pulling out. The melt temperature was higher than 700°C 
and the rate was more than 3.8 m/hr [37]. 

The forming of fibrous structure increases due to shortening of concentration 
supercooling zone in comparison with columnar structure. The grains are lengthened 
from 5 to 10 mm along the direction of pulling out and twisted slightly. They have 
cellular structure. In a longitudinal cut, the cells are jointed in irregular shape 
hexagons, their length ranging from 200 to 300 /mi and width of about 40 /on. They 
become shorter and more equiaxial when the rate increases [37]. 

The fan structure formed at pulling out of Al-1% Mn ribbon in normal con- 
ditions. There are colonies of some decades of fan-shaped diverged crystals. These 
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crystals are flat twin dendrites (from 100 to 200 /on in thickness) developing into 
twinning (111) plate with orientation of primary trunks from (110) to (112) [6]. 

Fan structure was observed in Al-(0. 8-1.6)% Mg rod of closed rectangular 
cross-section after pulling out a piece of the length ranging from 0.5 to 1.0 m with 
columnar structure [6]. Probably, this transition occurs when the impurity concen- 
tration at the crystalization interface and the concentration supercooling attain some 
limit. This explanation is supported by growing pure A1 with a small quantity of 
impurities. In this case, only columnar structure forms over all the length of product. 
The transition takes place when the Fe content increases. Microstructure is charac- 
terized by Al 5 Mg 8 /(-phase in the form of broken chains between dendritic axes. 

Fan structure forms in 29 mm diameter duralumin tubes at rather moderate 
overheat of a melt (the temperature of the melt amounts to 660-680°C) at rate 
ranging from 2.1 to 3.8 m/hr [36,37], It consists of dendrites of twin structures 
in the form of long lamellae along direction of pulling out (Fig. 9(b)). Metallographic 
and x-ray investigations show that cuts of twinning plates by side surface of product 
are parallel to twin boundaries. The space between them changes from 0.5 to 0.15 
mm when a rate increases. The growth of twin dendrites creating families of 
fan-shaped structure goes with the development of (100) secondary branches. These 
branches form dispersed internal grain substructure with a dendritic cell size about 

44 /an (Fig. 9(b)). Twin boundaries are depleted in alloying components Cu, 
Mg, Mn. Liquation typical to systems with k < 1 in the range of secondary branches 
and in interdendritic spacing. 

Cu concentrations amount to about 2.3% at a twin boundary, approximately 
3.4% at secondary dendritic branches and about 7% for interdendritic spacing [37]. 

The change of one-zone for two-zone blowing with decrease of efficiency of 
lower zone at the same rate of about 3.9 m/hr results in the transition of a columnar 
structure to the fan structure shown in Fig. 9(b). The fan structure is also typical at 
the rate of 4 m/hr for two-zone water-air blowing [36,37], 

Equiaxial structure is observed at a very small overheat of a melt. Besides this 
structure appears when the temperature gradient is negative for special shaper con- 
struction and in the case of pulling out at water cooling through upper zone [6,37]. 

3. The structure of tubes grown rotating the melt column in the shaping hole in 
relation to pulled product was investigated. In this situation the melt is mixed. The 
tubes obtained at a pulled rate of 2. 9 m/hr and rotating with 0.1 rpm had a columnar 
structure like to the one shown in Fig. 9(a). Cell sizes were about 65 /mi. The increase 
of the rotation rate up to 0.4 rpm led to the decrease of macrograins formed by 
cellular dendrites from 1.5 to 1.0 mm, the orientation factor decreased. Decreased 
v at the same rate of 0.4 rpm did not change the structure type, but the cells coarsened 
(up to 85 /an) [36]. 

The structure of profiles obtained by a special shaper was also studied. This 
shaper did not plunge into a melt. It made only a counter of its linkage with liquid 
melt column. Such shapers had smaller heat removal. At two-zone blowing and 
a rate higher than 2.6 m/hr, the twin dendrites grew stable. They were similar 
to the ones shown in Fig. 9(a). At a smaller rate the twin structure observed 
was like to one shown in Fig. 9(b). When the rate decreased from 2.4 to 2.2 m/hr 
at unchanged intensity of blowing, the structure coarsened. Cells increased from 

45 to 60 /un. These observations show that a special shaper has heat removal smaller 
than the “very hot” one with W<0.5. It decreases the zone of thermal and concen- 
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tration supercooling. More cold shaper is to lead to the transition of twin dendrites 
to the cellular ones [36]. 

4. Quantitative estimation of structure can be made by means of stereoscopic 
optic metallography. Quantity of inclusions (structure elements) in a unit of area 
(for Al-1% Mn twisted rib tubes) or quantity of intersections of unit length of a 
secant by the inclusions (for duralumin twisted smooth tubes) were calculated [14]. 
Microstructure of duralumin twisted tubes and ones without rotating is shown 
in Fig. 10. The linear orientation extent of the inclusions a.]_ in samples was deter- 
mined [38,39]: 


for A1 — 1% Mn alloy a L = (X ± — X n )/(Xx + Xu), (22) 

for duralumin a' L = (mi — mn)/mi. (23) 

Here Xj_ and Xn are the mean numbers of the inclusions per 1 mm 2 in 
transverse and longitudinal sections, respectively, m± and mn are the mean numbers 
of inclusion intersections of 1 mm secant lying on longitudinal slide normally and 
parallel to the growing direction. These results are shown in Table 3. It is possible 
to draw some conclusions. 

1. For tube part of an Al-1% Mn product the linear orientation extent o£l is 
not changed with rotation. Rotation diminishes the number of inclusions 
per 1 mm 2 of both slides twice. Microstructure coarsens. Probably, the 
rotation rate was small to reduce the microstructure. 

2. Twisted Al-1% Mn ribs have a.]_ lower than the tube part. But the number 
of inclusions per 1 mm 2 is more than for the tube part. Such changes 
can be induced by a specific two-side blowing of the ribs and more effective 
mixing of a melt in the zones of their forming. It was shown also that 
microstructure keeps its orientation parallel to heat removal. It coincides 
with the direction of pulling out. 

3. In the case of duralumin tubes the rotation coarsens microstructure. It is 
seen from comparison between Fig. 10(b) and 10(a) and from the decrease 
of mi since rotating. Probably the reasons are the same as for Al-1% Mn 



Figure 10 Microstructure of duralumin tubes grown with rotating (b, d) and without it 
(a,c): a, b are transverse sections, c, d are longitudinal ones; (100' r ). 
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Table 3 Parameters of Microstructure of Tubes for Different Rotation Rate n. rpm 



Al-1% 

Mn tube with 3 ribs 

Duralumin smooth 



tube 

ribs 

tube 

Parameters 

n = 0 

n = 0.34 

« = 0.34 

77 = 0 77 = 0.42 

Xj^, 10 3 per 1 mm 2 

15. 0± 1.0 

8,4±0.5 

11.1 ±0.6 


Xn, 10 3 per 1 mm 2 

2.3 ±0.2 

1 .2 ± 0.5 

2.4±0.1 


nil, mm 1 




23.9±0.6 

18.6±0.5 





mu, mm -1 




10.0 ±0.6 

12.4±0.5 





a L (a'J 

0.33 ±0.02 

0.73 ±0.07 

0.74 ±0.07 

0.58 ±0.05 

0.58 ±0.04 


Note: Diameter of the tubes is 30 mm, pulling rate is 48 mm/min. 


alloy. But the rotation induces the decrease of a' L and the length of elements 
of microstructure on a longitudinal slide (Fig. 10(d) in comparison with 
10(b)). This can result from a change of outer form of inclusions and for- 
mation of additional dendritic branches which is significant for a 
multicomponent alloy with a wide temperature range of crystallization 
[14]. 

Mechanical behavior of a grown product depends on dispersity of structure. It 
is determined by the specific area of interfaces of an individual alloy. Dendritic inter- 
faces should be considered for Al-based alloys. They are much more developed than 
boundaries between grains and blocks. It was shown that the mean number of 
dendritic cells N in a unit area of a slide can be given as follows [40]: 

N = kS n v (24) 


Here S n is the relative thickness. S n = F/P, where F is the area of cross-section 
and P is its perimeter. The production vS n characterizes productivity of the growing 
process. It gives the volume of a metal crystallizing per the unit time from a unit 
of perimeter of the shaping hole. The mean area of the cell cross-section is 


f = l/(kvS n ) 


(25) 


N as a function ofvS„isshowninFig. 11 for different rods and ribbons of Al-l%Mn 
alloy (line 1) and 29 mm diameter tubes of duralumin (line 2). The coefficient k equals 
to 0.225 x 10 8 sec/cm 4 in the case of rods and ribbon and 0.0862 x 10 s sec/cm 4 for 
duralumin tubes. The empirical dependences (24) and (26) give the possibility to 
control the dispersion of microstructure by v for a given relative thickness of product 
[40], 
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A ',W 3 mm z 



Figure 11 Dependence of dispersion N of structure on physical productivity v x Sn: (1) 
Al-Mn alloy cylindrical rod and ribbon; (2) duralumin tube. 


7.4 Defects of Surface and Structure 

(1) Defects of surface can arise [6] when the technological regime is wrong. 
Such defects are chinks caused by fusion of product wall, local freezing 
or eroded points of a profile. In this case it is necessary to correct faults 
of the regime. 

(2) Contamination of a melt in seeding due to scale or other alien solid 
particles as well as splashing out of the melt on a surface of a shaper 
can induce longitudinal channel, slot or floating. They are created very 
often in the case of bad quality seed, seed kept too long in a melt, or dis- 
placement of a seed due to poor alignment. It is necessary to remove these 
faults. 

(3) Some waviness, transverse struck, shears, brakes can be due to defects of 
installation (irregularity of moving pulling device, oscillations and others). 
It is necessary to improve mechanisms of the installation [6]. 

(4) Strong blowing can also create defects of a surface. The way of elimination 
of such defects is clear. 

(5) Oxide film can deflect the liquid zone of product pulled out. This results in 
furrows, cakes and other distortions of shape. This takes place when the 
melt temperature is low as well as in the case of small rate of pulling out. 
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It is necessary to use effective purifying of a melt and other technological 
procedures. 

(6) Irregularity of shrinkage of product during solidification induces 
deformation and cracks (so called “hot cracks”). It can be created by 
incompatibilities of local thermal deformations. It is necessary to select 
optimal temperature distribution along a pulled production. The increase 
of “hot strength” of alloys takes place when the Fe content is higher than 
Si content. 

Defects in the form of swell, excrescences of different length or stitching struc- 
ture are sometimes observed on a surface of profiles with fan structure of some 
alloys. Such defects were found on Al-1% Mn and Al-13% Zn ribbons. They formed 
when a twin plane of colonial crystals and the product surface lay at angle 
a > 30-45°. Long excrescence (some centimeters) in the form of a drop increasing 
height and width grew at a = 53-56°. Short excrescence about 1 mm in size were 
observed for a = 74-77°. Stitching structure of periodically equiaxial defects about 
1 mm took place for a = 80°. They can be removed. It is necessary to use the seed 
with optimum structure, to increase temperature gradient in the liquid zone to lower 
the interface, to decrease a turbulence of cooling air flow [41]. 

In the case of alloys with a wide temperature range of crystallization ( Al-3.5% 
Mg-0.5% Mn, Al-6% Zn-2.3% Mg-1.7% Ca-0.4% Mn-0.15% Ge, duralumin and 
some others), there are surface defects in the form of narrow ridges along the pro- 
duct, so-called tubercle-type defects [6,33]. These defects have different 
microstructure in relation to that of product [22]. It has been found that the reason 
for the nucleation of parasitic dendritic grains is the oxide film. The growth of a 
dendrite begins from oxide film where the concentration supercooling is available. 
The horizontal growing dendrite turns step by step with a melt flow and squeezes 
out a border of the oxide film. The growth and the turn of the dendrite will go until 
it is captured by crystallizing product. It was demonstrated that the growth of such 
defects can be suppressed by the increasing temperature gradient in liquid. It is rec- 
ommended to use “very hot” shapers. In this case oxide film in the liquid zone does 
not created. Any tubercle-type defects were not observed [22]. 

Thus the Stepanov method makes it possibile to grow the products of rather 
high quality, which can be use in engineering, without treatment of its surface [6]. 


7.5 Properties of Products 

7.5.1 Mechanical Properties 

1. There is considerable information available on the mechanical behavior of both 
wrought and case aluminum alloy materials produced by the Stepanov technique [6], 
Testing of 0.5 - 2.0 mm thick ribbons of technical grade A1 alloys [42] showed 
that the tensile strength increased but specific elongation 8 decreased with increas- 
ing Fe and Si content as shown in Table 4. Transverse samples with low impurity 
concentrations exhibit greater plasticity. When the impurity content increased, <5 
decreased sharply and became half as large as that of the longitudinal samples. 
The yield stress <to .2 increased with increasing impurity content. The addition of 
0. 1-0.2% of a Ti impurity resulted in a transition from columnar to dendritic struc- 
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T able 4 Influence of impurities (in wt% ) and orientation on mechanical characteristics of A1 
ribbons 


Impurity content 
Fe Si 

Orientation 
of samples 

ob> MPa 
mean 
value 

range 

s % 

mean 

cr t , MPa 

0.1 

0.02 

II 

40 

38-42 

35 

22 




40 

38-44 

52 

- 

0.14 

0.17 

II 

55 

54-57 

22 

- 



_L 

53 

51-56 

35 

31 

0.29 

0.32 

II 

69 

69-70 

22 

41 



± 

57 

52-61 

12 

- 

0.87 

0.32 

II 

89 

81-94 

19 

46 



T 

81 

73-92 

8 

- 

Note: 

II = longitudinal orientation, J_ = transverse orientation. 




Table 5 Mechanical Properties of Al Ribbons of Columnar and Dendritic Structure 

Orientation of 

<tb, MPa 

8% 


samples 

Columnar Dendritic 

Columnar 

Dendriric 

II 

70 78 

23 

43 

± 

42 75 

20 

24 


Note: II = longitudinal orientation: J_ = transverse orientation. 


ture and an increase in <5 B as shown in Table 5. It is evident that this effect was due to 
the structural transition because the Ti impurity exhibited an insignificant increase in 
strength when no structural transition was observed [42] 

In the case of technical grade A1 tubes with a diameter from 3. 6-5.0 mm and 
wall thicknesses ranging from 0.2 to 0.8mm, an increase of blowing intensity at 
a constant pulling rate led to an increase of er B [21]. Thermal strengthening decreased 
the slip rate six times (in the case of pressed samples, it was decreased by only three 
times). Mechanical properties of as-grown A1 rods were compared with those of 
cast samples. Pulled samples had er B = 56 MPa, cast ones had 50 MPa, their torsion 
strength was 50 MPa and 42 MPa, respectively. 

The main information on the strength of pulled products was obtained for 
Al-1% Mn alloy. It was connected both with high technological effectiveness of 
the growth of profiles by the Stepanov technique and with the possibility of wide 
application. Ribbons with the strength er B of 0.3-4 mm thick depended on impurities, 
regime of growth and structure and changed from 1 10 to 190 MPa, § ranged from 6% 
to 31% [35]. The ribbons had <5 = 13-24% for a dendritic structure and d = 8-13% for 
a columnar one at a constant er B . 

This was probably connected with different disposition of the MnAl 6 phase. An 
increase of Fe and Si content gave significant increase of tr B . Probably, it is explained 
by an increase of a MnAl 6 amount due to a decrease of Mn solubility in Al. 

Mechanical properties of Al-1% Mn profiles were investigated in more detail 
with tubes of rectangular cross-section of 203x102 mm 2 and wall thickness of 3 
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mm with internal ribs and without them [32]. The results of a great number of 
measurements treated statistically were as follows: er B ranged from 120 to 130 MPa, 
<5 changed from 7% to 29%, the specific narrowing t// was 16-32%, Young’s modulus 
E = (7.28-7. 34)xl0 4 MPa, elastic limit (r 0 .05 was 12-30 MPa, yield stress <j 0 , 2 ranged 
from 36.5 to 39.1 MPa, real tensile resistance changed from 150 to 185 MPa, impact 
viscosity ak from 38 to 62 Jxcnr 2 . Most parameters are close to the ones of pressed 
profiles in an annealing state. There is high homogeneity of ff B , E and other values, 
but <5 and yV changed in a wide range. They had rather low values in the beginning 
pieces of samples, where impurity content was higher (in particular, Cu from a seed). 
It was revealed that material was so viscous that its fracture had plastic character. 

Bending tests did not produce any cracks up to a bending angle of 180°. It is 
known that the Stepanov method lower values of er 0 .2 may exibit a favorable effect 
for cr B /cro .2 ratios ranging from 3 to 3.5. It is also known that for ( cr B /cr 0 . 2 ) > 1-4, 
a material is strain hardened when under cyclic loading [43]. Since the ff B /ffo .2 ratio 
for materials produced by the Stepanov method vary from 3 to 3.5, this indicates 
that during production by the Stepanov method materials will undergo strain hard- 
ening at the beginning of the operational cycle. 

In the case of hollow profiles with outside ribs, er B was higher and reached 
130-150 MPa, 8 amounted to 30%. 

Al-Mg alloy profiles were studied for varying content of Mg. Thus 
Al-(0. 8-1.6)% Mg rectangular tubes of 32 x 50 mm 2 cross-section with wall thickness 
of 0.45 mm had <r B x 160 MPa [6]. <5 for columnar structure ranged from 7% to 14% 
along longitudinal direction and from 10% to 12% along transverse one. For 
dendritic structure, 8 = 20-35% along pulling direction and 13-24% along transverse 
direction. Thus mechanical characteristics of the samples with dendritic structure 
approach to those of pressed samples in an annealing state. (After cold-working 
their er B increases but plasticity lowers 3-4 times.) Pulled fashing tubes of Al-3.5% 
Mg -0.4% Mn with a columnar structure had (r B ranging from 225 to 245 MPa 
and mean 8 equal to 15% [6]. 

High strength system Al-Zn-Mg-Cu was studied mainly with 29 mm diameter 
tubes of Al-6% Zn-2.3% Mg-1.7% Cu-0.4% Mn-0.15% Cr alloy. The tubes went 
through a heat treatment for strengthening. After annealing and artificial aging, 
er B increased by about 30% and achieved 460-480 MPa what is close to that of 
pressed profiles [6]. 

Testing of 29 mm diameter duralumin tubes shows an influence of the blowing 
regime on the strength. It was determined that at one-zone blowing er B = 250 MPa, 
<5 = 3-4%, at two-zone one cr B = 290 MPa, (5 = 8-9% [37]. 

The investigation of behavior of cast alloys was performed with Al-( 10-13)% 
Si, which is hermetic Silumin. Bands pulled out of the melt had er B = 205 MPa, 
<5=11%. 

In the case of sand casting <r B = 147 MPa, <5 = 4%, for chill-cast cr B = 156 MPa, 
<5 = 2% [6], It is seen that the pulled products have the highest characteristics. It is 
well known that Si does not form with A1 any strengthening compounds. Therefore 
high er B and <5 can be explained only by the specific technology which causes a rise 
of density, a decrease of gas porosity and other. 

2. The dependence of mechanical properties of pulled bands on their structure 
and parameters of their growth was investigated [40]. The bands were pulled out 
of a molten Al-Mn alloy at four rates of pulling and air blowing. The dependences 
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Figure 12 Strength <5 B (a) and specific elongation 3 (b) of Al-Mg ribbons on number of 
grains along the width of sample n for four pulling regimes 1M. 


of er B and <5 on the number of grains along the width of sample n are shown in Fig. 12. 
It is seen that 8 increases when the mean size of grains decreases for a certain regime 
of pulling out. But cr B does not depend on n. For more productive regime (higher 
dispersion of a microstructure), <5 depends on n being weaker. This is connected 
with simultaneous effect of n and N, concentration of cells in the cut of grain 
(dispersion) on 8, but this effect acts in contrary directions. This results in unchanged 
mean 8 for different regimes when the productivity of process changes about 5 times. 
<t b does not depend on n and changes by jumps with N. The dependences of mean <r B , 
microhardness H, n and 8 on N are presented in Fig. 13. One can see an increase of N 
and n at the same time. But <5 does not change practically. Mean value er B increases 
when N enlarges. The effect of grain structure of grain on ff B is supported indirectly 
by the dependence of H on N because H is measured within the grain. If <r B 
was determined by grain boundaries, then H would be constant at changing N. This 
takes place in relatively pure metals but not in alloys. These experiments showed 
unambiguously that the strength of products pulled out of a molten Al-Mg alloy 
is controlled by the dispersion of microstructure. It follows from (24) that, changing 
v or reducing the thickness of product S n , we can control both the dispersion of a 
structure and the strength. The higher the productivity of the process the higher 
is H and er B of pulled product [40]. 

3. Thus mechanical characteristics of the profiles pulled out of the melt satisfy 
requirements of many applications. There are the ways to enlarge the strength 
of profiles if it is necessary [44]. This can be made using higher strength alloys 
and thermal treatment of pulled products. Moreover the Stepanov method allows 
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Figure 13 Dependences of ctb and <5 (a), of microhardness H and number of grains along 
width n (b) of Al-Mn ribbons on dispersity of structure N. 


one to obtain profiles of special construction as well as profiles with increased 
thickness of walls in the places where this is necessary according to conditions 
of loading. It is also possible to strengthen the profiles covering with special layers 
or reinforcing by high strength fibers during their growth. 


7.5.2 Physical and Chemical Properties 

Pulled profiles have higher physical (density, damping capacity) [44] and chemical 
properties in comparison with products obtained by other methods. 

Corrosion tests were performed with the profiles pulled from molten Al-Mn, 
Al-Mg-Mn, duralumin, technical-grade Al, Al-Si alloys. The tests were carried with 
NaCl solution, water of the Caspian Sea and a tap water [45,46], In all cases pitting 
took place. It occurred mainly along pulling direction. The corrosion rate was higher 
for technical-grade Al than for Al-Mn, Al-Mg-Mg [45]. Probably, it is connected 
with special features of their structure. Pitting does not depend on a profile shape 
in contrast to the profiles obtained by deformation methods. It seems that internal 
stresses in pulled profiles are less. The tests showed that the stratifying corrosion 
was absent in profiles pulled from molten technical-grade Al and Al-Mn unlike 
pressed samples. As a rule, more intensive pitting occurs on an internal surface 
of tubes. It appears that the oxide film protecting from corrosion is less dense 
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and thinner on an internal surface than on the outer one. The film grows without 
forced air blowing. 

Duralumin profiles have the highest rate of corrosion. Probably intermetalic 
compound CuA 1 2 is a cathode. The Al-(10— 1 3)% Si alloy has the most resistance 
to corrosion. Corrosion of this alloy is uniform. The alloy is practically free from 
pitting. It is seldom that a pitting takes place but it is not deep. Probably it is con- 
nected with absence of intermetalic compounds in Al-Si alloy [46]. 

Resistance to corrosion can be increased by covering with special decorative 
layers. Pulled profiles have no need in a preliminary mechanical treatment before 
the covering. It was shown also that pulled Al-Mn profiles were well anodized 
and nickel-plated [6]. 


8 COMPARISON WITH ALTERNATIVE METHODS 

The Stepanov method (SM) was compared with the continuous cast (CC) and the 
deformation technology (DT) based on extrusion. Conventional cast is not con- 
sidered because its worse quality and economical characteristics [44,47]. 

1. In SM the thermal process conditions are less variable than those for con- 
tinuous casting in which a metal is subjected to hydrodynamic forces. 
The SM is single-pass which is a significant advantage over the 
multioperational DT process. In addition, SM installations are simpler 
and easier to automate. 

2. CC can be used for casting alloys only. DT gives the possibility to work 
with deformable (wrought) alloys only. In the case of SM both casting 
and deformable alloys are suitable. 

3. SM gives possibility to use a raw alloy up to 85-90%. This is significantly 
higher than for DT. Environment recovery for SM is also higher because 
single-run process. 

4. Overall sizes of profiles obtained by SM are close to those sizes for DT. 
Flat profiles can have a width up to 70-100 cm, bulk profiles have a diam- 
eter of cross-section up to 50 cm. The length of pulled profiles ranges from 
2 to 5 m. There are possibilities to enlarge these dimensions. 

Allowance for sizes of cross-section for SM is smaller in compari- 
son with DT after extrusion and somewhat higher after all opera- 
tions. 

Thickness of wall for SM can be significantly smaller in comparison with 
CC. Minimum thickness (0.3-0. 5 mm) is also smaller in compare with DT 
for hard alloys. Maximum thickness of wall for SM is significant lower 
than for DT. 

5. Quality of surface is higher than for CC. In the case of SM a 
roughness ranges from 1 to 10 /an. It is larger for CC and also 
for profiles after extrusion. DT gives high quality of a surface only 
after mechanical treatment. Defects of a surface for SM are less sig- 
nificant than for CC. 
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The structure of profiles obtained by DT is fine-grained. In the case of 
SM, there are columnar and dendritic structures. In a peculiar temperature 
regime or in the presence of modifiers, SM gives the microstructure similar 
to equiaxial. 

The density of products obtained by SM is the highest. This is grounds 
for a homogeneity of properties over all bulk of a profile. 

6. SM has facilities for additional purifying of a metal in the liquid state and 
for simultaneous control of geometry, structure and properties during 
growing. SM is more effective in comparison with DT in response to elec- 
trical power and amortization expenditures. It has facilities to change 
the shape of the profile, to repair installation, to produce and change 
instrumentation. 

SM is used now for a small-scale production only. That is why its specific 
expenditures of labor are some what higher than for DT. They can be 
leveled if a broad-scale production will be managed. 

7. Very important characteristics of the technology is a productivity of the 
process and of equipment. It depends on a pulling rate for SM and an 
extrusion rate for DT. The extrusion rate ranges from 5 to 2000 m/hr. 
The pulling rate for SM ranges from 1 to 20 m/hr. But it is necessary to 
account for a number of features of DT. DT uses many operations, expens- 
ive equipment, large rooms for large-sized installations. It decreases the 
difference of productivity of the two technologies. The difference decreases 
significantly for hard alloys, complex shapes and large cross-sections. 

Besides, there is a possibility to enlarge the productivity of SM. It is 
necessary to organize a simultaneous growth of several profiles from 
one crucible and an increase of a pulling rate by means of more effective 
cooling methods. 

8. SM as well as DT give the possibility to obtain profiles of various shapes 
including very complex ones. Some of them can be made by only one from 
the technologies mentioned above. Thick-walled profiles are included in 
an assortment of DT. They are not the purpose of SM. The latter can 
be used to grow many complex profiles and among them thin-walled ones. 
It is possible to grow polyhedral tubes; tubes with outer and inside ribs, 
elements, partitions, channels; products with many longitudinal hollows; 
tubes with bent channels, connecting strips, ribs; products with curvilinear 
longitudinal axis; twisted products; tubes with twisted ribs; other products 
of very complex shapes. Some of these products are shown in Fig. 14. Such 
profiles can not be obtained by CC. A number of them can not be made by 
DT also. Thus thin-walled profiles and a number of large-scale ones, in 
particular of hard, brittle alloys, products with curvilinear longitudinal axis 
and some other can be obtained only by SM. Thus SM has its various 
assortment, a part of which is not doubled the production of other methods. 

An approximate estimation shows that cost prices of profiles obtained 
by SM and DT are close to each other. There is the following trend: 
the cost price of small-scale products with rather simple cross-section 
is lower for DT. The cost price of large-scale ones with complex 
cross-section is less for SM. 

This consideration shows well future of SM and its application field. 
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Figure 14 Some shaped products pulled by the Stepanov method. 


9 APPLICATION 

It is possible to use the shaped products by three ways. They can be used in another 
method of manufacturing as billets, for example, in continuous casting to be con- 
stituent of the total metallurgical production. In the second place, they can be used 
as a semifinished product. At last, the shaped products can be used as grown. There 
are the following promising applications of pulled products. 

1. Thin-walled articles with a large developed surface can be used as effective 
heat exchangers for a solar energy technology, for instrument making 
(semiconductor devices, devices for all means of transportation), for 
heaters and coolers of various appointments. 

2. Blades for wind-operated power plant, for ventilators, as screw propellers 
and others. 

3. Constructions of civil engineering. 

4. Thin-walled bodies of different devices. 

5. Sport inventory. 

6. Consumer goods. 

7. Packing. 

8. Hothouses. 

9. Tubes with outer or internal ribs of different application. 

10. Printing type. 
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10 SHAPED COMPOSITES 

The Stepanov method gives the possibility to make both a composite material and 
shaped composite constructions [47,48]. 

1. The Stepanov method was used to grow eutectic composites of A1 -CuA 1 2 
with a lamellar structure and Al-Al 3 Ni with a fibrous structure (Al 3 Ni 
fibers). It is possible to pull from the melt the shaped product of an eutectic 
composite with a bond of its components close to ideal. But shortcomings 
of the processing are a low velocity and some defects of a structure. 

2. The product pulled from the melt can be reinforced during its growth by 
continuous fibers, bands, complex half-finished articles. But it was necess- 
ary to obtain strong adhesion of components, maximum keeping qualities 
of raw materials, desired distribution of a reinforcement [48]. A process 
was developed for production of composites reinforced by boron fibers 
without and with heat-resistant covers of B 4 C, BN, SiC. The fibers were 
distributed both over all the cross-section and locally. Profiles of rather 
small cross-section of various shapes were pulled up to 2 m length. Fiber 
filling was about 50% of the volume. Boron fibers kept their original 
strength. er B of such composites was about 800 MPa. It is equal to the 
strength of B-Al composites obtained by a liquid-phase method and 
approaches to that for solid-phase methods [49,50]. 

The process was developed for obtaining of flexible heaters in an A1 cover [47]. 
Such a heater consists of Ni-Cr wires in Si0 2 insulation covered with Al. 
Experimental batches showed the possibility to increase work temperature up to 
240-250°C and to use them for fire and explosion hazard works. Besides, investi- 
gations were performed on obtaining bimetal profiles. These profiles had an internal 
steel band and an outer Al cover. In this case, it was possible to grow the lamellar 
composite with well adhesion between layers and their anticorrosive protection. 
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Low-g Crystallization for High-Tech 
Castings 


HANS M. TENSI 

Technical University of Munich, Munich, Germany 


1 INTRODUCTION 

More than 350 years ago an artist illustrated the desire of mankind to explore the 
universe through space exploration (Fig. 1) [1], This required the scientist to leave 
the world with which he was familiar to learn many new and unimaginable, mir- 
aculous and possibly even frightening things but which would also provide the poten- 
tial to impart wisdom and a better understanding of the intimate world. 

This was the situation, when man first started travelling into space in 1961. In 
the beginning the primary emphasis was to develop technology to take the 
cosmonauts and the astronauts into space and bring them back to earth safely. 
However, even during these early stages of space exploration, scientists began to 
demand the opportunity to conduct experiments to obtain a new or better under- 
standing of physical, chemical and biological events occurring under the 
microgravity conditions of space. The objective of this work was to obtain sufficient 
knowledge to control fundamental properties in such a way to permit the develop- 
ment of new processes and/or “new materials.” Of course, nobody really expected 
this work to lead to the addition of new elements to the Periodic Table. 

For example, an important objective of material science in space is the inves- 
tigation of the influence of space-conditions on the crystallization of metallic 
microstructures. Although castings have been used since prehistoric times, the 
knowledge of how to influence these microstructures and their correlation with 
mechanical properties is not well understood even today [2], Improvements of 
the quality of AlSi-castings could not have been realized without the fundamental 
knowledge gained by so-called /ig-cxperiments or only with a much greater number 
of empirical experiments under the much greater gravity conditions present on earth. 
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Figure 1 “The Doubter”, wood-block printing from an unknown artist 1520-1530. (From 
Ref. 1.) 


Experiments in the space are called /(g-experiments, because the “1 g” acceleration 
on earth is not exactly reduced to zero while orbiting the earth over a distance 
of about 300 km; a residual acceleration of about 10~ 2 3 to 10 -4 x “1 g” is caused 
by atmosphere friction and movements of the space shuttle while being maneuvered. 

One of the first applications of /(g-experiments was to develop safety castings 
for aerospace applications and microgravity conditions. This led to the subsequent 
development of the first commercial car to be constructed completely from 
aluminum, the “AUDI A8” shown in Fig. 2. In this chapter, the development 
of /(g-crystallization of aluminum alloy castings will be discussed. 


2 APPLICATION OF FUNDAMENTAL SCIENTIFIC KNOWLEDGE FOR 
INDUSTRIAL PROCESS DEVELOPMENT 

The influence of crystallization conditions and alloying elements on casting 
morphology are not known because the mechanisms of formation casting 
morphologies is largely unknown. Quality improvement of castings requires a 
detailed answer to the following questions; 

1. Which crystallization parameters and which chemical additions to the 
casting alloy composition influence on the mechanical properties? 

2. Can the influence of these parameters on mechanical properties be 
quantified? 

3. Is there an additional effect of these parameters on the mechanical 
attributes, and very importantly, what limitations must be considered 
for the different parameters? 
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Figure 2 AUDI A8; the pressure die castings in the “space frame” structure of this car have 
to meet extreme qualitative safety demands. (Courtesy of AUDI AG, Ingolstadt, Germany.) 



Figure 3 Present situation in developing high strength castings in the technical and scientific 
line. 


One illustration of this is the mass transport during crystallization. Figure 3 
visualizes this problem with the development of high-strength castings. However, 
this problem only be resolved with the use of /ig-experiments to determine how mass 
transport in the melt in the vicinity of the solidification front is influenced by 
diffusion and by convection. For this work, the kinetics of the crystallization process 
must be explored by comparison of 1 g-experiments and /ig-experiments. under 
identical crystallization parameters such as velocity of the solidification front 
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and the temperature gradient preceeding it. In space, convection caused by gravity is 
eliminated; only the so-called microconvection in the vicinity of the solidification 
front and the effect of diffusion are active for the mass transport. Under 1 g con- 
ditions, the influence of diffusion on the crystallization effects is superimposed 
by the influence of different kinds of convective mass transport. 

Returning to the question of the specific material structure parameter influence 
on the mechanical properties; Many metallographic structures exist in the cast 
material which are visible with an optical microscope (OM). Submicroscopic struc- 
tures are only visible under conditions of very high magnifications (over 10 3 ) 
and using specially prepared probes. This research can be performed using electron 
microscopes such as transmission (TEM) and scanning electronic microscopes 
(SEM). Quantitative determination of these structures must be carefully carried 
out and is to be related with the most important mechanical values like ultimate 
strength (R m ), yield strength (R p ) and the fracture strain (A g ). With the knowledge 
of the influence of crystallization parameters on material structures and their cor- 
responding influence on mechanical strength, mechanical behavior at different pos- 
itions in a cast part can be defined from the local different crystallization 
parameters in addition to localized different material structures! This is illustrated 
schematically in Fig. 4. 

An important additional effect is provided by the type of macroscopic 
solidification occurring within the part. It is important to distinguish between 
the conventional solidification (so-called undirectional crystallization) and the nor- 



Figure 4 Local different interaction of crystallization, microstructure and mechanical 
properties having a defined alloy composition (schematical). 
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Figure 5 Metallographic structures of an unidirectionally (a) and undirectionally (b) 
crystallized AlSi 7-alloy with the local solidification times tf = 333 sec (a) and 280 sec (b); 
the schematic figures show the different geometry and growth direction of the solidification 
fronts. (From Ref. 2.) 


mal solidification (unidirectional solidification). Figure 5(A) and (B) illustrates the 
OM structures of an un- and unidirectional solidified AlSi-alloy with 7 wt% Silicon, 
exhibiting nearly the same physical solidification parameters (local solidification 
time t L =333 sec for unidirectionally (A) and tL=280 sec for undirectionally (B) 
crystallized AlSi). The different macroscopic crystallization processes are also 
shown: For unidirectional solidification, only one solidification front runs through 
the melt; for undirectional solidification, a number of nuclei are created from which 
the solidification fronts are moving through the melt toward each other. Of course, 
if the morphology of the metallographic structures influences the mechanical 
behavior of cast materials, the straightening of structures will also influence it! 
The main influence by the type of macroscopic solidification is provided on the 
“endurance fatigue life.” Further, the unavoidable presence of “micro shrink holes” 
in the conventional cast parts exhibits a disadvantageous effect on mechanical pro- 
perties. Figure 6 is an SEM picture of a shrink hole in cast AlSi 7 alloy; this “micro 
shrink hole” illustrates the sharp notches, which increase the localized mechanical 
stresses. 

To characterize the crystallization parameters, having an unidirectional 
solidifying melt, the velocity Vsf [m/sec] of the solidification front (SF) and the 
temperature gradient G S f [K/sec] in the melt in front of the SF must be precisely 
measured. The magnitude of these two parameters on the crystallized metallographic 
structures is illustrated by three examples in Fig. 7. One condition is with special 
crystallization parameters, low values of V S f and high values of Gsf, where only 
one solidification front with a solidified volume consisting of one phase. A so-called 
single crystal (Fig. 7(A)) is obtained. Increasing V SF and/or decreasing G S f pro- 
duces a cellular structure of the solidification front and the crystallized volume 
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Figure 6 Wall of a shrink hole with dendrites in cast AlSi-alloy (SEM picture; ca. 1500x). 


changes to a cellular morphology as shown in Fig. (B). Further increasing Vsf pro- 
duces a dendritic solidification front and the mostly existing dendritic structures 
with eutectics in technical cast volumes is observed as illustrated in Fig. 7(C). 
Additional experiments to be described subsequently, were performed under 
/rg-conditions in the space with the pure alloy AlCu 0.3 (0.3 wt% Copper) to deter- 
mine the effect of mass transport in the melt in the vicinity of the solidification front; 
see Fig. 3? Of course, these solidification parameters can not be defined during an 
undirectional solidification! Therefore the so-called “local solidification time” ti 
[sec] is measured. During the time ti the temperature drops down from the liquidus 
temperature T L [°C] of the alloy up to their eutectical temperature T E [°C], Between 
these temperature limits, the solidification of the melt runs out completely with 
the (linearized) cooling velocity T [K/sec]. The fi time can be measured easily 
by a so-called thermo-analysis. To compare the crystallized volumes of un- and 
unidirectionally solidified cast materials with their different crystallization 
parameters, the following relations are helpful: 


t, = (T l - T e )/T (1) 

T = G ef x v SF (2) 


and from (1) and (2) using the fact that (T L - T E ) is constant for a defined alloy 
follows; 


ti = const (G ef x vs F ) 1 
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Figure 7 Metallographic longitudinal microsections of three unidirectionally solidified 
probes of the same AlCu0.3 alloy. In each case: above quenched liquid, below unidirectionally 
solidified volume under 1 g conditions [3]; (a) smooth SF: V SF = 0.51 mm/min; Gs F = 11.2 
K/mm (M = 73:1); (b) cellular SF: V SF = 0.73 mm/min; G SF = 9.2 K/mrn (M = 37:l); (c) 
dendritic SF: V SF = 2.2 mm/min; Gs F = 6.4 K/mm (M = 76:l). 


Figures 8 and 9 illustrates examples of the morphology of the so-called dendrites and 
the eutectic volume between them. The dendrites crystallize first from the melt and 
consist mainly from a -Aluminum-phases with a very low content of alloying 
elements. Their geometry is given by the crystallographic structure (face centered 
cubic-ffc) and their morphology by the crystallization parameters. Figure 8 illus- 
trates the (primary) dendrite spacing “e” and the (secondary) dendrite arm spacing 
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Figure 8 Schematic view of the dendritic structural characteristics in the stage of 
unidirectional solidification. 


“d s ”. Of course, the determination of “e” is only possible having unidirectional 
solidified cast materials. As will be shown later, “e” and “d s ” are influenced by 
the solidification parameters and by the /ig-conditions. 

Experimental and theoretical research has shown that there exists a strong 
influence of the crystallization velocity T on the values “e” and “d s ” which are deter- 
mined from Eq. (3) and (4): 

e = const x T -0 ' 5 (3) 
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Figure 9 Schematic view of the interdendritic eutectic structural characteristics. 


where T = dT/dt [K/sec] in the temperature region between start and end of 
solidification; 

V SF = velocity of the solidification front [m/sec], 

Gsf = temperature gradient in front of the solidification front [K/mm], 


d s = B x (M x tf) 03 - 0 ' 4 (4) 

where fi = Local coarsening time [sec]; this is the time during which the 
dendrites are surrounded by liquid phases. The coarsening pro- 
ceeds by minimizing the total energy. 

B = a constant geometric factor 4.36 ... 5.5 

M = a material factor to be calculated from the physical and 
metallurgical values of the melt: 

M = {2 x a x Dl ln(cE/co)}/{AH x (1 — Ko) x iul 
X (c E - Co)}; 


where 


<7 

= surface tension [N/m], 

D l 

= diffusion coefficient [cm 2 /sec], 

Cr and Co 

= alloying concentration (here silicon) at the 
eutectic point and the initial concentration, 

AH 

= heat of fusion, 

Ko 

= distribution coefficient, 

m L 

= gradient of the liquidus line. 
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Using these equation, M calculated for AlSi 7 is 16.3 x 10~ 12 [cm 3 /sec]. 

The evaluation of the eutectic morphologies are shown in Fig. 9. The details of 
the eutectic (having different magnifications) explain the evaluated morphology 
values like “Silicon content of eutectic”, “volume fraction of eutectic”, “degree 
of refining s ”, “median section a S i” and “shape factor F shape ” of cut Silicon phases 
and the “average eutectic spacing X ”. Because the “average eutectic spacing X ” 
(the free path of the so-called dislocations in the a -Al-phases) has a dominant influ- 
ence on the mechanical values, only X will be used here. Influence of the cooling 
rate T (= V SF x G S f) on the X -values is given in Eq. (5). 

X — const x (V S f x Gsf ) -11 (5) 

where = 0.5 for AlSi 7 (measured values for n from 0.44 to 0.62 for technical 
AlSi-alloys with Silicon contents in the range between 5 and 1 1 wt%) 

The magnitude of the influence of these microscopic structures by the 
solidification parameters is illustrated in Fig. 10 where the dependance of “e” 
and “d s ”, of T for six alloys based on the basic (pure) AlSi 7, beginning with “A357” 
and with 5 modification of additional alloying elements. In the area of lower T-values 
(between 40 to about 300 [K/sec]), where the influence is strong, alloying elements 
exhibit no effect. An additional comparison is provided by two pure binary AlSi 
alloys (AlSi 7 and AlSi 11) and the corresponding pure ternary alloys with different 
additions with Magnesia and Antimony. Figure 1 1 show the comparable diagrams 
where the influence of the distance from the eutectic Silicon concentration is clear! 

Although there is no influence of alloying elements on dendrite morphology, 
the effect of alloying elements and cooling rate T on the eutecticum morphology 
is given in Fig. 12 for 1.0 wt% Copper added to a A357 alloy and for AlSi7Mg 
(corresponding to A357). Micrographs of the eutectic areas for different T-values 
(or put into words other for different wall thicknesses of the casting) show the change 
of the geometric structures of the Silicon phases. For example the change of the 
median section of asi is evaluated here. By the addition of copper to A3 57 in 
the area of low T-values (or high wall thickness), the asi-values are higher in the 
range of 40 < T < 200 [K/min]. 

The isolated influence of the microstructures “d s ” and “X ” on the mechanical 
value R m is exemplarily illustrated in Fig. 13. In both cases, the tensile strength 
increases with decreasing “d s ” and decreasing “X ”. The following half-empirical 
relation between the mechanical value R m and the morphology values d s and X 
was found for hypoeutectic AlSi alloys: 


R m (C 0 , d s , X) = KconcXCo) + K Dendr .(C 0 ) X d s -°' 5 + K Eut . X X -°' 5 (6) 

where R m = tensile strength (calculated); C 0 = Si-concentration; d s = dendrite arm 
spacing (secondary dendrite arm spacing); X — eutectic spacing of 
Si-phases; K conc . = a constant, depending on Si-concentration (for 
7 wt% < C 0 < 1 1 wt% K C onc. = 65); K De ndr. = a constant, depending 
on Si-concentration (for 7 wt% < C 0 < 11 wt% K Den dr =500); 
Kent. = 115. 
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cooling rate T = G EF ■ v EF [K/mm] 


A357 
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cooling rate T = G EF ■ v EJr [K/mm] 


Figure 10 Influence of cooling rate T = G x v on the primary and secondary dendrite 
spacings for 6 technical alloys with constant Si-contents. 

Of course the relationship between the OM-morphology and the the mechan- 
ical values works correctly only without the effect of age-hardening of the a 
-Al-phases (the a -phases of the dendrite volume and in the eutectic mixture). This 
means that pure AlSi-alloys with 7 and 1 1 wt% Silicon contents and the correspond- 
ing AlSi alloys with different Magnesium and Antimony additions (in overaged 
stage) show an excellent relation between measured R m -values and the calculated 
R m -values, using the OM-structures, which can be evaluated quantitatively. An 
example is given in Fig. 14. 

The interaction of the alloying composition, the crystallization parameters, the 
OM- and SEM-microstructures without and with heat treatment, with the mechan- 
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cooling rate T SK = G SF * v SF [K/min] 


Figure 11 Influence of cooling rate T = G x von the primary “e” and secondary “d s ” 
dendrite spacings for 6 pure binary and ternary alloys with two Si-contents. 

ical behavior of the cast material are shown in Fig. 15. These are the steps used for 
improving the commercial A357 alloy for a cast parts for Airbus and the AUDI 
A8. It should be noted here that the cooling down of the cast volume after finishing 
the solidification must be taken into account as a heat treatment, which is difficult 
to characterize because of the local differences in the temperature-time-run. All heat 
treatments influence the morphology of the Silicon phases in the eutectic volume and 
the solution as well as the precipitation of alloying elements in all a -Al-phases; but 
the values “e” and “d s ” of the dendrites remain unchanged! 
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Figure 12 Eutectic microstructure influenced by the cooling rate T (or put into other words 
by the wall thickness of the castings.) 



Cooling rate T timw-n-/. -iSjteeEJ Cooling rate T 


Figure 13 Examples for the relation between the microstructural parameters “d s ” and “2 ” 
and the mechanical property R m . 
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O AlSi7 
□ AlSi7Mg0.30 
= AlSi7Mg0.30Sb0.4Q 
o AlSi7MgQ.30Sbi.00 
a A15i7Sb0.40 

• AlSili 

■ AlSiiiMgO.30 
- AlSiilMgO,30Sb0,40 

♦ AlSiiiMgO.SOSbi.OO 

* AlSiliSbO. 40 


120 140 160 1B0 200 220 240 

tensile strength R m , measured [N/mm 2 ] 

Figure 14 Relationship between the measured tensile strength R m and, using the OM 
structures, calculated tensile strength R m of unidirectionally crystallized two pure binary 
and eight ternary AlSi-alloys with different wt% of Si [7, 11], Sb [0.0, 0.4, 1.0] and Mg [0.0, 
0.3]. 
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Figure 15 Interaction of alloy composition, crystallization parameters, OM- and 
SEM-microstructures with and without heat treatment with the mechanical values of cast 
parts. 
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3 ADDITIONAL KNOWLEDGE FROM THE /rg-EXPE RIM ENTS IN SPACE 

It has been shown that dendrite morphology and the eutectic phases are influenced 
strongly by the crystallization parameters. The best way to obtain precise cor- 
relations is to perform unidirectional crystallization experiments. The crystallization 
parameters “velocity of the solidification front” V E f and the “temperature gradient 
at this front” Gef can be measured with high precision (Lit). An additional 
experimental variation (important to get much more information out of one 
experiment!) is the sudden stopping of this solidification front by quenching the 
residual melt volume. This provides much more additional information from a single 
experiment. Figure 16 shows the different modes of operation of the experimental 
equipment “GFQ” (Gradient Furnace with Quenching Devices) in the space shuttle: 
Fig. 16A illustrates the GFQ during unidirectional crystallizing the melt; the 
cylindric crucible containing the melt is fixed and the combination “furnace” ( Qi n ) 
and cooler (Q out ) are running with the velocity VFurnace along the probe. The 
solidification front SF is running “up” (in space there is no up and down!) with 
Vsf- In Fig. 16(B), having enough solidified material for testing, the residual melt 
is quenched (Qquench) by spray water from the cooler, which was pneumatic removed 
quickly at the position of the residual melt. The details of the quenched SF is 
explained in Fig. 16(C): A section diameter of the stopped SF shows the 
unidirectional solidified and undirectional quenched volume as well as center of 
the probe with the thermocouples (here four pieces) which were used to calculate 
Vsf and Gsf (lit). 




Figure 16 Gradient Furnace with Quenching Devices (GFQ) schematic in the stage of 
unidirectional solidification (A) and during quenching the residual melt and freezing the 
solidification with front (B) (see also Fig. 7). (C) shows schematically a longitudinal section 
through the unidirectionally solidifying probe in the area of SF’s position with the central 
points of temperature measurements and a magnification of the solidification front during 
dendritic solidification with the two SFs. 
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With sufficient magnification of this SF, it is seen that it consists of two SFs! At 
SF I is the position of the top of the dendrites and at SF II the interdendritic volume 
crystallized with eutectic morphology (consisting of a -Al-phases and Si-phases). In 
the interval between SF I and SF II, the dendrite-arms are coarsening to their final 
size at the point of SF II. Because every position Ax in this range is equal to a defined 
coarsening time t c (to be calculated with Vsf), with one experiment the coarsening of 
dendrites (this means the increasing of value d s ) for different solidification exper- 
iments can be determined according Eq. (7). 

t c = Ax/vsf [s] (7) 

where Ax = distance from the top of the dendrites (i.e.: I SF) 

Microgravity experiments were used to address the following questions: 

1. Is there an influence of /(g-conditions on the distribution of alloying 
elements in front of a planar SF in comparison to the situation on earth 
(i.e. 1 g-conditions)? 

If yes, the information on the role diffusion and convection on the mass 
transport in relation to material structure is obtained. 

2. Are there any differences in the dendrite morphology and eutectic 
morphology under /(g-conditions? 

If yes, a correlation between mechanical properties and metallographic 
morphology is possible which will permit the establishment of the necess- 
ary criteria to optimize alloy composition and solidification parameters 
for a specific application. 

To address these questions, experiments were conducted with pure AlCu and 
AlSi alloys in the Dl- and D2-Spacelab-Missions in 1985 and 1991 and the FOTON 
10- and 11-Missions in 1996 and 1997. 

The first knowledge which was to be gained was the influence of material trans- 
port at the SF. Figure 17 A shows that the metallographic section diameter through 
an unidirectional solidified AlCu0.3 alloy in the area of the quenched SF (the central 
channel with the thermocouples is on the upper line, the limitation to the crucible at 
the lower line). The unidirectionally solidified phase has no OM-visible structure, 
because the solidified volume is a single crystal. The quenched melt shows the 
morphology of rapid crystallized volume. 

Crystallization experiments with the identical parameter V S f and G S f were 
performed under 1 g- and /(g-conditions (see Fig. 17(B)). By microanalysis, the dis- 
tribution of Cu in the crystallization direction was determined: At the point of 
the SF, the discontinuous increase in concentration is related to the distribution 
coefficient Ko which describes the difference in solubility of Cu in the solid and liquid 
phases of Al. The most important information is the changing in width 8 of the 
so-called concentration amount in front of the SF. Figure 17(B) shows the value 
of 8 is much higher under /(g-condition than under 1 g (9 mm in comparison to 
3 mm). 

Using the theoretical relationship between the concentration gradient and the 
“mass transport coefficient” D integral , containing the mass transport by diffusion 
as well as by convection, the course of D integral (8 ) in front of the SF under fig shows 
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a strong decrease from about 4.5 x 10~ 5 to 0.8 x 10 -5 cm 2 /sec. This is the opposite 
of what is observed under 1 g-conditions. D mtegral under 1 g originally exhibits 
at a greater distance from the SF a higher value than under /<g (6.0 x 10~ 5 cm 2 /sec) 
and the slope at the SF is only 5.5 x 10” 5 cm 2 /sec as shown in Fig. 17(C). These 
super-elevations of D integral are caused by the gravity-driven convection in the melt 
on earth. It is a well known fact that the convection in liquid take the greater part 
of the mass transport in liquid. For the formation of structures during solidification 
of alloys, the integral mass transport in the vicinity of the SF is very important 
because of the necessity for decomposition within this part of the melt to obtain 
a synchronous growth of different phases for example like a-Al-phases and Si-phases 
in an AlSi alloy. 

Figure 18 shows the calculated distribution of Silicon in the melt in the vicinity 
of the eutectic solidification front (II. SF). In a large distance of the top of the 
dendrites (I. SF) holds, grad Csi = 0 beginning with the primary crystallization 
of the a-phases, grad C S i becomes / 0. In the interdendritic melt in front of the 
II. SF growth an axial as well as a lateral concentration gradient (<5Csi /<5z / 0 
and <3 Csi /<5y / 0), indicating that there is both an axial and a lateral mass transport. 
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phase 


■ lg-experiment j 

V 

> jig-experiment 
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Figure 17 Experimental results from the unidirectional solidification of a pure AlCu 0.3 
alloy during the D1 -Mission in 1985: (A) metallographic longitudinal section in the area 
of a planar SF (see also Fig. 7) with the structure of the rapidly quenched residual melt 
in front of the SF; (B) Micro-analysis of the Cu content behind (unidirectionally crystallized) 
and in front of the SF in two probes; the above under earth conditions and the lower under 
jt g conditions crystallized under the same solidification parameters Vsf and Gsf (so-called 
reference exp.); the important difference is the amount of Cu concentration in front of 
the SF! (C) From (B) calculated the integral mass transport coefficients D lnt i g (£ ) and 
D lnt \mug (£ ) in front of the SF. 
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Figure 18 Unidirectional solidification of AlSi alloy with the distribution of the alloying 
element Si in the Al-melt in front of the I and II Solidification front (semi-schematic). 
(A) Growth of dendrites and the eutecticum; the residual melt between the dendrites and 
in front of the I. SF is removed; (B) Alloying element distribution C s j(Z) in the residual melt 
between the dendrites and in front of the I SF; (C) Three dimensional alloying element dis- 
tribution C s i(z; x) in front of the II SF (eutectic solidification front) with axial and lateral 
concentration gradients within the so-called “diffusion boundary layer” <5 , corresponding 
to the a - and Si-phases of the eutecticum. 


Only by these mass fluxes, the extreme differences of Si-concentration in the a-phases 
and Si-phases of the eutectic volume can be created. Of course the high concentration 
gradients in the vicinity of the II. SF will be influenced strongly by every change of 
convection in the melt. 

In the case where the macrocrystallization parameters (vsf and Gsf) are the 
same under /(g- and 1 g-conditions, the distances of such decompositions becomes 
higher by the increased value of D inte g ral ; influenced of buoyancy driven convection 
(1 g-conditions). This should have an influence on the eutectic crystallization as well 
as on the coarsening of dendrites, because both processes depend on the mass trans- 
port at the vicinity of the SFs. 

From the D1 -mission, the influence of /ig-conditions on the growth and the 
coarsening of dendrites in a pure AlSi 7 alloy was determined: Fig. 19 shows the 
longitudinal and transversal metallographic sections in a probe crystallized under 
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(A) 



Figure 19 Under /rg conditions (Dl-Spacelab-Mission) unidirectional solidified pure AlSi 7 
alloy. (A) Metallographic longitudinal microsections in the area of the two SF of the probe; 
indicated are the positions of I and II SF and the area of coarsening of the dendrites between 
(the volume of solid phases increases from 0% at I SF up to 100% at II SF); at the left side: 
100% unidirectionally solidified volume, at the right side: 100% quenched melt; (B) 
Metallographic cross microsection in the area between I and II SF; the stem of the dendrites 
are cut, between the dendrites the quenched interdendritical residual melt (black). 
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fig with the parameter Vsf = 5.2 [mm/min] and Gsf = 15.9 [K/mm], The longitudi- 
nal metallographic section corresponds to the schematic picture of the SF in Fig. 
16. The positions of SF I and SF II are marked as well as the region, in which 
the distance d s of the second dendrite arms growth up (coarsens). At different points 
in this region (this means at different coarsening times t c ), the distances d s of 
dendrites were measured at different levels of newly produced metallographic planes 
(so-called “step-metallography”). These values were correlated with the coarsening 
times t c . Additionally the primary distance “e” of the dendrites was evaluated 
on the transversal sections and correlated with the solidification parameters V SF 
and G§f, corresponding with the dendrite growth model of HUNDT [lit] 

A summary of the dendrite arm coarsening of only two experiments under /<g- 
and 1 g-conditions with nearly the same crystallization parameter are presented 
in Fig. 20: As expected, the d s values increase with growing coarsening times t c . 
Because of a better recognizability in the two identical diagrams, the metallographic 
determined values d s of the /(g-probe are marked in the upper, and the corresponding 
values of the 1 g-probe are marked in the lower diagram. For all t c values, the 
/rg-material shows lower values. These differences decrease with higher V S f values, 
because of an increasing of the so-called micro-convection in the area of SF I 
and SF II. As already shown in Fig. 13(A), mechanical strength increases with lower 
d s values. Therefore, for this defined alloy, up to a coarsening time of 25 sec below the 
/rg-slope, a so-called unattainable area of the spacings d s can be defined. When 
developing a high strength material, this /(g-line shows that better d s values and 
in consequence better mechanical values, can not be achieved (see also Eq. (4))! 
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Figure 20 Dendrite arm spacing d s in dependence of the coarsening time t c of unidirectional 
solidified pure AlSi 7 alloy under 1 g-(reference) and /(g-conditions (during the 
Dl-Spacelab-Mission); the crystallization parameters are nearly the same. 
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To explain the dendrite coarsening, the mass transport in the vicinity of 
dendritic surface is examined using Eqs. (4), (8) and (9). The material constant “M” 
contains among other material values the (atomar) diffusion coefficient D L in liquid. 
Because the integral mass transport D integral influences the coarsening, different com- 
ponents of the D mtegral must be considered. If, besides the atomar D L , a 
micro-convection in the vicinity of dendrite surface is active (which would be created 
by the negative volume jump AV during the phase transition from liquid to solid), an 
additional mass transport by the coefficient D A v is possible. This kind of 
micro-convection is also called “advection” because of the flux in direction to 
the solid phases. Having additional buoyancy driven convection (mostly called 
macro-convection), there is a further component in D inte g ral ; described by the 
coefficient D conv . With these assumptions, the D mtegrai we get for /(g-conditions is: 

D i n tegra' = D atom + ( 8a ) 

and for 1 g-conditions the term 

D inte g ra' = D atom + ^ + ( 8b) 

Because all other terms in “M” of Eq. (4) are constant, an integral M int for /rg con- 
ditions: 

Mint = M atom + Mav (9a) 

and 1 g conditions: 

Mj n i = M atom + Mav + M conv (9b) 

is valid. 

The measured values Mj nt for AlSi 7 alloy, processed during the Dl- and 
D2-missions together with the calculated value M atom (using the atomar diffusion 
coefficient Di atom ) permit the determination of Mav for different crystallization 
velocities Vsf under /(g-conditions (see Fig. 21(A)) and further to determine the 
variation of M conv , using the measured (constant) M int under 1 g-conditions (see 
Fig. 20(B)). The values for Mav are only dependant from the alloy and the 
crystallization parameters vsf and Gsf (not from the buoyancy forces). 

There is also an influence of the eutectic structures on the mechanical behavior. 
The influence of gravitational accelerated convection can be recognized under /(g 
too. 

Figure 22 provides an example of crystallization experiments conducted during 
the FOTON-missions. The pure near-eutectic AlSi 11 alloy was solidified under /rg- 
and 1 g-conditions with a nearly constant temperature gradient Gsf (about 15 
[K/mm]) and three groups of vsf- velocities about 0.5, 1.0 and 1.9 [mm /min]. 
The metallographic pictures show the parts of the interdendritic eutecticum (without 
the bordering dendritic a-phases). It is obvious that with increasing v S f the 
microstructures of the eutectica becomes more filigreed and additional that in com- 
parison with the structures of the /(g-probes the Si phases of the 1 g-probe are much 
rougher. Because of the strong differences in strength and ductility of the a 
-Al-phases and the Si-phases, this change in eutectic morphology influences the 
mechanical behavior also (Eq. (6)). In the following example (Fig. 23), the eutectic 
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Figure 21 Influence of the solidification front velocity Vsf on the integral and the partial 
coarsening parameters M (see Eq. (7) under /rg- and 1 g-conditions). 


v SF =0.4 mm/min 
G SF = 15.5 K/mm 


v SF = 0.9 mm/min 
G sf = 14.9 K/mm 


v SF = 1.9 mm/min 
G sf = 14,8 K/mm 






v SF = 0.5 mm/min 
G sf = 16,3 K/mm 



v SF =1.1 mm/min v SF =1,8 mm/min 
G sf = 15.9 K/mm G SF = 15.7 K/mm 


Figure 22 Influence of /ig- and 1 g-conditions on the morphology of the eutecticum of the 
near hypoeutectic AlSi 1 1 alloy, crystallized with three velocities Vsf and uniform temperature 
gradient Gsf in front of the SF; to be compared the 1 g-reference experiments to the assigned 
/ig-experiments 
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Figure 23 Influence of the cooling rate T on the morphology of a hypo- and near-eutectic 
AlSi alloys (here on the eutectic spacing A), unidirectionally crystallized under /(g- and 1 
g-conditions in a double logarithmic scale (results from Dl- and D2-Spacelab Mission). 
The values of A grown under //g are smaller than under earth conditions for all crystallization 
parameters. The area beneath the graph for the /(g-results from the boundary of the 
unattainable area of A ; this means that, using such alloys and the tested crystallization 
velocities, no smaller A values can be obtained and that aiming at high mechanical values 
no better results can be reached! 


spacings A between the Si-phases were evaluated from the pure AlSi 7- and AlSi 
11-probes, which were processed during the SPACELAB- and FOTON-missions. 
In the diagram, the correlation of the spacings A with the cooling rate T (between 
T l and T e ) of the different alloys are presented in an double logarithmic scale. 
The absence of buoyancy-driven convection under /<g-conditions for all 
crystallization parameters also creates a reduction of the interdendritic eutectic 
spacings A . From these results, the absolute minimum of the spacing A is also defined 
by the “unattainable area” in this diagram. Therefore, these results show that the 
maxima of the mechanical values which can be achieved be minimizing the A spacing 
in eutectic volume is restricted by the line of /.ig. 

An additional example of the impact of gravity driven convection on the eutec- 
tic morphology is illustrated by the influence of cooling velocity T in a wide range (2 
[K/min] <T < 720 [K/min]) during solidification on the spacing A in unidirectional 
solidified AlSi 1 1 probes, described in Fig. 24: The hypo-eutectic alloy should create, 
according to the Al-Si-equilibrium diagram, a dendritic and a eutectic 
crystallization! As to be seen from the graph A (T) is interrupted at a cooling velocity 
T of about 10 [K/min]. An explanation is given by the change of the eutectic volume 
f E u [%] in dependence of T: At the same value for the cooling velocity, the value of 
f E u jumps from 100% to a value of about 90%. This means that, having T < 10 
[K/min], the volume crystallizes only in an eutectic modus and, under T > 10 
[K/min], an additional dendritic volume crystallizes beginning with about 10% 
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cooling rate T = G SF • v EF [K/min] 

Figure 24 Influence of cooling rate T on the eutectic spacing X of an unidirectionally 
crystallized AlSi 11 alloy; the discontinuity of the graph at T = 10 K/min is caused by 
the transition from a pure eutectic crystallization of the AlSill alloy to an eutectic and a 
dendritic crystallization. This is documented by the upper diagram with the change of “volume 
fraction” of eutectic f E u from 100% to about 85% at the same cooling rate. 


and showing a linear increase (in the double logarithmic scale!) up to a value of 30 
vol%. Further experimental and theoretical work (Lit) shows that the 
buoyancy-driven convection in the melt will be suppressed by the dendrites behind 
the SF I with decreasing primary dendrite arm spacings “e”! 

But with increasing solidification velocity, microscopic convection rises. As a 
first approximation, it can be assumed, that the sum of convection remains constant. 
An additional convection term occurs in the melt between SF I and SF II: The 
increasing volume of the dendrites behind their tips causes a so-called micro- 
-convection. The change of liquid into solid volume produces a negative volume 
change AV causing an additional intensive convection. This AV-convection increases 
the integral mass transport coefficient “D int ” in liquid. Therefore the spacing X 
increases with appearing of the dendrites. The value of X is useful as a scale for 
the quantity of “D inte g ral ”. Figure 25 shows the change of “D integral ” in dependance 
on the cooling velocity T for the solidification of the AlSi 11 alloy. Because the 
atomar diffusion coefficient D L atom is a material constant and only influenced by 
the temperature, the “D integral ” j s related to in the ordinate of this diagram. 
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Figure 25 Ratio of the integral mass transport coefficient D lntegr L and the atomic mass 
transport coefficient D atom L (the real diffusion coefficient) depending on the cooling rate 
T for /<g- and 1 g-conditions. Under f.ig the values of D integr L are influenced up to T < 10 
K/min only by the (constant) real diffusion coefficient D alom L, having T > 10 K/min an 
increasing mass transport from the volume jump Dav enlarges the D lntegr L -values. Under 
1 g condition these values becomes superimposed additionally over the whole range of T 
by an increasing mass transport D conv . from the buoyancy forces. 


The sum of "D inte g ral ” consists with the change of the cooling rate T of a constant 
value of D L aton \ an increasing mass convective transport D conv by buoyancy driven 
convection and, passing the threshold of T= 10 [K/min], the additional mass trans- 
port Dav by the micro-convection from the volume change AV. 

Another important point is the geometry of the silicon phases: Figure 26 shows 
that the growth of the Silicon phases during eutectic crystallization is different. A 
lamellar geometry (a), a mostly angular geometry (b), and an angular geometry with 
primary Si phases (c) is shown. The dependence of all these structures on the 
Si-concentration and the velocity of crystallization vsf is shown in Fig. 27 (Lit Lit). 
The different details of the Si-geometry occur in one eutectic area, which means 
that local differences in Si-concentration and/or v SF during the eutectic solidification 
may exist. An important result of our /(g-experiments is the absence of any influences 
from /(g- or 1 g-conditions on these geometries of the Si-phases. 

To illustrate the influence of the Si-concentration during eutectic solidification, 
the quenched solidification front of two AlSi alloys with 12.4 and 13.2 w% Silicon are 
provided in Fig. 28: The unidirectional solidified volume without any heat treatment 
(direct behind the quenched SF) clearly shows the change of more plate-like to 
complex regular geometry. 

The subtle details of these structures to explain the crystallization kinetic and 
to calculate the mechanical material behavior rely on a two-dimensional 
information! This poverty in information should be explained by a comparison 
of two- and tree-dimensionally metallographic structures of a modified A357 alloy 
with different stages of heat treatments (Fig. 29): The two-dimensional OM pictures 


Marcel Dekker, Inc. 
270 Madison Avenue, New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 



762 


Tensi 





Figure 26 Influence of the Si content in near eutectic AlSi alloys (a) AlSil 1.2, (b) AlSil 3.2, 
and (c) AlSi 13.8 on the morphology of the Si-phases; (a) lamellar Silicon with 
cellular /dendritic ctAi-phases; (b) mostly angular Silicon; (c) angular with additional primary 
Silicon; there is no influence of f.ig on these Silicon-morphologies! 


show the intimate structures beginning with the stage “as cast” and with two 
solutionizing times. As already mentioned, a change of the dendrites does not occur, 
but the morphology of the eutectic Si-phases becomes a more spherical morphology 
with increasing heat treatment time. A comparison of these structures with the 
tree-dimension pictures, taken by an SEM, after a so-called “deep-etching” (the 
a-Al-phases are removed at the metallographic plane) shows that Si-balls of the 
OM picture (Fig. 29(B)) in reality are cylindric volumes and that a visual comparison 
to the SEM is possible only after a heating time 50 hr of the visual impression seems 
to be given only after a heating time of 50 hr (see Fig. 28(C)). This inaccurate com- 
parison results in a so-called unsharpness in explaining the correlation of structures 
and mechanical behavior. To overcome these difficulties an important tool has been 
missing until now; the quantitative structure determination from tree-dimensional 
metallographic pictures. 


4 DEVELOPING OF HIGH STRENGTH CASTINGS USING RESULTS FROM 
/tg-EXPE RIM ENTS 

The first example describes a so-called corner fitting for the plane “AIRBUS”. Until 
now, this part was milled with differences in the wall thickness from wrought high 
strength A1 alloy sheets. After modifying the alloy, optimizing the crystallization 
parameters according (Figs. 15 and 3) and using a kind of unidirectional 
crystallization (so-called SOPHIA process; Lit) this part was cast with the demanded 
local mechanical values (Fig. 30). The important condition was to guarantee a mini- 
mum of R m and R p o .2 as well as a maximum of fracture elongation A 5 for all wall 
thicknesses (it means different cooling rates T) of the corner fitting. 

The microgravity experiments have shown which limiting values like dendrite 
arm spacing d s and which minimal sizes of the eutectic phases, for example the aver- 
age spacing k of the Si-phases, can be achieved under utmost conditions. The objec- 
tive of this work was to obtain an extensive range of the given technical possibilities 
to optimize (about 80% to 90%) the microscopical structures only with one par- 
ameter. Only then, any of the remaining parameters should be changed. These par- 
ameters include: chemical additions to the alloying elements, crystallization 
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Figure 27 Definition of the different Silicon-morphologies “angular”, “lamellar”, 
“plate-like” “complex regular” and “primary” of near eutectic AlSi alloys (AlSi 10.3; AlSi 
11.2; AlSi 12.4; AlSi 13.2 and AlSi 14.6) defined from one eutectic volume and corresponding 
with the above defined alloys and combined with the Csi(vsF)-diagrams after R. Elliott (the 
dots in the diagrams characterize our solidification experiments). 
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AlSi 12.4 
with predominant 
angular 
Si -structures 
behind the 
quenched SF 
v 5F = 0.17 mm/min, 
G SF = 10,1 K/rain 


100pm 



AlSi 13.2 
with predominant 
complex regular 
superlattice 
of the Si-phases 
behind the 
quenched SF 
v sp = 0.13 mm/min, 
G SF = 10.3 K/mm 


100pm 


Figure 28 Example of quenched solidification front in unidirectionally crystallized AlSi 
12.4 alloy (v EF = 0.17 mm/min, Gef = 10.7 K/min) with more angular Si-structures and AlSi 
13.2 (vef = 0.13 mm/min, Gef = 10.3 K/min) with more complex regular Si-structures behind 
the quenched SF. 


parameters like vsf, Gsf and convection conditions in liquid ahead of the 
solidification front, and consideration of the macroscopic conditions of the casting 
processes like “VAKURAL” or “SOPHIA”. For the same cast part (with an equal 
area of wall thickness) the crystallization velocities increase using the 
“SOPHIA”-process (this causes low e, d s and k -values). 

The choice of unidirectional solidification also avoids shrink holes and pores. 
Figure 31 shows the area of the SOPHIA process in the function d s (T). Con- 
ventionally cast parts contain the higher d s -values. The comparison of conventional 
with “SOPHIA” castings shows (for all wall thicknesses in the “corner fitting” from 
2 until 12 mm) together with the optimized A357 alloy composition and the 
optimized heat treatment, the best mechanical values R m , R p and A<; for “SOPHIA” 
(Fig. 32). 
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Figure 30 Example of a casting for the AIRBUS (so-called “comer fitting”) with its pos- 
ition in the construction 



crystallization velocity T = G SF ■ v sp [K/min] 


Figure 31 Dendrite arm spacing d s influenced by the crystallization velocity T in a modified 
A357 alloy. The parts were cast as “comer fitting” using different conventional ( undirectional) 
methods as well as using the special casting method “SOPHIA”; as to be seen crystallization 
velocities from about 50 to 200 K/sec (this means for wall thicknesses from 2 to 12 mm) 
the values for d s are here the best using “SOPHIA”. 
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A357 - T6 A357 + 1.0 Cu - T6opt 

(u.s.; T = 140 K/min) (Comer fitting specimens; 
conventionally casted Wall thickness: 

2 until 12 mm) 

Figure 32 Comparison of the main mechanical values taken from parts of the “corner 
fittings” with different wall thickness using conventionally A357 alloy with conventional 
casting and heat treatments with the values from “corner fittings” produced using the modified 
A357 alloy, the casting method “SOPHIA” and a modified heat treatment T6opt. 


The “flap track” “SOPHIA” casting for the AIRBUS, cast with the conventional 
A357 alloy and with conventional heat treating, has larger metallurgical structures 
(for example d s and X ) but shows over the wall thickness from about 8 to 50 
mm lower, but also well-balanced mechanical values, caused by the casting method 
(Fig. 33). 

In the aircraft industry, the so-called “Quality Index” “Q” was created to get 
an useful combination of the two important mechanical values tensile strength 
R m and fracture strain A 5 for materials (Eq. (8)). 


Q = R m + 150 log (A 5 ) 


( 8 ) 


Figure 34 shows the Q value of SOPHIA castings and especially the optimized 
SOPHIA castings using /(g-results in the diagram R m as a function of A 5 . The diag- 
onal lines describe the course of constant Q values. The highest Q value represents 
the most useful quality for airplanes. 

An example from the automotive technique is the optimization of the mech- 
anical properties of a VACURAL die cast part with an alloy AlSilO Mg0.30. Figure 
35 shows the AUDI A8 “space frame” with the pressure die castings “corner fitting” 
for the connection of the extruded shapes. For these complex parts with a large area 
of wall thickness, the undirectional casting with strong convection was selected and 
the morphologies of the eutectic and dendrite volume were minimized. 
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Figure 33 “Flap Track Casting” for the AIRBUS using conventionally A357 alloy and the 
“SOPHIA” method (max length 850 mm, wall thickness from 4 to 50 mm); the graphs below 
show the dependant of tensile strength, yield strength and elongation from the wall thickness 
(here unknown correlation with the crystallization velocities). (From Ref. 14.) 
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Figure 34 Classifying of different castings in the “Quality Index Q” diagram. This kind of 
presentation gives, for the air industry, a useful combination of the values R m and A5; 
the best qualified materials show the highest Q-value. 



Figure 35 An example of the automotive technique is the “space frame" of the “AUDI A8” 
with the cast “comer fitting” (below). 
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The following procedures were conducted: Solidification experiments 
(unidirectional!) with the original die cast parts to correlate microstructural par- 
ameters and mechanical behavior. These experimental results permitted the identi- 
fication of an optimum alloy composition and optimal crystallization 
parameters, to yield useful mechanical properties which were then used to develop 
the conditions of VACURAL die casting process. The castings in the space frame 
must meet extreme quality safety demands with high rates of R m and R p as well 
as a fracture strain A 5 which must be high as possible in each location of the casting. 
In case of a crash, enough deformation energy must be adsorbed by the deformation 
of these castings. 

Figure 36 A shows the dendrite arm spacing d s depending on the cooling rate 
during crystallization in detail. Two AlSi-alloys were unidirectionally crystallized 
and the alloy with the higher Si-content additionally VAKURAL-cast. The 
functions d s (T) are nearly the same. Since there is the demand for different wall 
thickness (i.e. “modoli”), a sufficient small d s value also in thick zones of the cast 
part can be generated by a precise choice of combination of the alloying elements 
together with the control of the cooling- and convection-conditions (here 
VAKURAL). The calculated cooling velocities T for all areas of the “corner fitting” 
show values between 600 and 4000 K/ sec. The important sector of the dendrite arm 
spacings d s from about 7 to 10 /an from Fig. 36(A) is correlated with the mechanical 
values R m , R p and A 5 in Fig. 36(B). To get high enough ductility values, the d s values 
were created to be <9 /an by crystallization velocity and convection. 

An integrated scheme for the development of optimized castings is provided in 
Fig. 37. The initial step is determining all structural parameters of the cast part which 
must be optimized. Secondly, the corresponding crystallization parameters must be 
determined. After improvement of the microstructures and comparison with the 
results of /(g-experiments the adaption of the optimized parameters is performed 
to obtain optimized castings. 


5 SUMMARY 

The heaviest deficit in developing high strength castings is the implementation of 
scientific knowledge. The enlarged know-how about the mass transport during 
crystallization by the results from /rg-experiments gives the possibility to recognize 
the limits in influencing the microstructures as well as the separated influence of 
the crystallization velocity and the macroconvection ahead the solidification front. 
The areas of unattainable metallographic values, for example the dendrite arm 
spacings d s and the eutectic spacing X , are the limit for getting optimized structures 
for a defined alloy. Because of the strong effect of the metallographic structures 
on the mechanical behavior of materials, this is essential for all technical castings. 
From this it is possible to optimize all parameters for castings, like the alloying 
elements, the crystallization parameters (including the convection), the macroscopic 
kind of (industrial) processing the crystallization and, finally, the heat treatment of 
the cast parts adapted to the microstructures. 
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cooling rate T [K/min] 



Figure 36 The corner fittings of the AUDI A8 should have well-defined mechanical values; 
changing the alloy and testing the dendrite arm spacings d s under unidirectional solidification 
with cooling rates T according to the VACURAL die casting the optimal conditions were 
found; (a) Correlations d s (T) for different AlSi alloys unidirectional and VAKURAL 
crystallized; (b) Correlations R m (d s ), R p (d s ) and A 5 (d s ) of the alloy AlSilO Mg 0.3. 
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Figure 37 Scheme of the scientific development of “high tech castings” using results from 
/tg-experiments. 


Examples from the automotive and aviation industry have been provided 
which illustrate the value of /(g crystallization studies in industrial process 
optimization. 
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Designing for Aluminum Forging 


HOWARD A. KUHN 

Scienda Building Sciences, Orangeburg, South Carolina, U.S.A. 


1 OVERVIEW 

In the design of aluminum forgings, as with any product, the designer must specify 
the material and process (based on desired properties) and the geometric details 
(shape, dimensions, and tolerances) such that the component will meet performance 
requirements. From a concurrent engineering perspective, the product design 
decisions should exploit the flexibility offered by the process, but not exceed its 
limitations. While manufacturing the product to meet the designers specifications 
is the job of the production engineer, collaboration between designers and producers 
can avoid design features that are difficult or impossible to form, thus saving rework 
and redesign efforts, and reducing the time to product realization. 

Almost without exception, forgings are specified when critical mechanical load 
transmission requirements are to be met. Aluminum alloy forgings are primarily 
used for structural parts on aircraft and land vehicles, but other applications include 
housings, casings, and linkages for a wide variety of mechanical systems. Forging 
produces parts of high integrity because the process sequences refines and 
homogenizes the metallurgical structure, eliminating material defects that cause 
premature failure and assuring that the material strength is at its peak level. 
The cost of producing forgings, however, is high because of the high skill level 
and time required for craftsmen to produce forging dies. While forgings constitute 
a small percentage of the total aluminum usage, their low numbers are outweighed 
by their importance in critical load transmission applications. 

1.1 Material Aspects 

Each material process leading up to, and including, the final forging step contributes 
to establishment of the final metallurgical structure of the material, thereby 
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determining its final in-use properties. Feedstock for forging operations are pro- 
duced by casting liquid metal or by consolidating powder into ingots or billets. Large 
dendritic grain structures, porosity, and segregation characterize the microstructure 
of typical castings, and an oxide network (from the surfaces of the original powders) 
characterizes consolidated powders. Primary working processes, such as hot rolling, 
extrusion, or open die forging, break up the dendrites and close up the porosity in 
cast ingots, and break up and distribute the oxide network in consolidated powders. 
Additional hot working continues to refine the microstructure. 

A common characteristic of hot working processes is grain flow, or alignment 
of inclusions and second phase particles in the direction of metal flow, or elongation. 
In rolling or extrusion, of course, the grain flow is in the longitudinal direction of the 
rolled or extruded shape. In the forging of complex shapes, however, the grain flow 
will be multi-directional, following the movement of metal in the elongated direct- 
ions of each geometric feature. This alignment of inclusions and second phase 
particles has a strengthening effect in the direction of alignment, but is accompanied 
by a reduction of ductility in the direction transverse to the fiber orientation. 
Designers can use this effect to advantage by aligning the grain flow in the direction 
in which the part will experience the greatest stresses during use. 

To achieve the highest level of mechanical properties in aluminum forgings, 
heat-treatable aluminum alloys are normally specified (2000, 6000, and 7000 series). 
These alloys are strengthened slightly during forging as the hot working reduces the 
grain size and, to a small extent, carries out precipitation hardening at the hot work- 
ing temperatures. Optimum mechanical properties of the part are developed sub- 
sequently through heat treatment. In this post-forging operation, the materials 
are solution heat treated at a temperature just below the solidus, then water 
quenched and artificially aged above room temperature for several hours. 

Distortions of the part geometry may occur during heat treatment because of 
non-uniform cooling. This is largely due to adjoining geometric features that have 
different area to mass ratios. Whenever possible, the designer can minimize dis- 
tortions due to heat treatment by avoiding designs that lead to non-uniform cooling. 


1.2 Geometric Aspects 

Forging of aluminum alloys is particularly applicable to producing precise, intricate 
shapes with good surface finish. The alloys are very ductile at hot working 
temperatures, and they do not develop scale during heating. In addition, the forging 
temperature is relatively low so the dies can be heated to nearly the same temperature 
as the workpiece, which prevents cooling of the workpiece and facilitates flow of 
metal into small cavities in the die. 

However, there are limitations to the geometric complexity that can be 
obtained. During the forging process, force applied to the material by the forging 
equipment generates pressure that forces metal to flow into intricate cavities of 
the die. Long, thin die cavities require high pressure to force the material into them. 
If excessive pressures are required, the total forging load may exceed the capacity 
of the forging equipment. In addition, localized stresses in the die due to high press- 
ure in the die cavities may become large enough to cause overloading failure of 
the die, fatigue cracking due to repeated loading, and rapid die wear in high metal 
flow regions. An additional limitation to shape complexity is the possibility of defect 
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formation in the material during forging. In particular, as the material flows around 
small corner radii on the die (the result of small fillet radii in the part) or undergoes 
very large expansion of a free surface, laps and cracks may occur. 

1.3 Cost Aspects 

The cost of aluminum forgings depends strongly on the quantity of parts to be pro- 
duced, shape complexity of the part, and the amount of machining required to reach 
the finished shape, dimensions, and tolerances. Blocker-type, conventional, high 
definition, and precision are the classifications, respectively, of forgings that are pro- 
gressively closer to the final part geometries. Blocker-type forgings, which are only a 
rough approximation of the desired part shape, are produced with inexpensive, 
simple shape dies, but they require extensive machining to reach the final shape. 
In contrast, precision forgings use very expensive, complex dies, but they require 
little, if any, machining to reach the final part dimensions. Blocker-type forgings 
are economical for parts in small quantities, and precision forgings are economical 
for producing large quantities of parts over which the high die costs can be 
amortized. 

Process and equipment limitations also affect forging cost. Aluminum alloy 
billets are heated somewhat below their solidus temperature before forging because 
the heat generated during forging deformation causes a temperature rise in the 
material. If the initial billet temperature plus the temperature rise during forging 
exceeds the solidus, incipient melting of the material occurs, leading to severe 
cracking. This effect is particularly pertinent in high-speed forging, such as on a 
mechanical press or forging hammer, because the heat generated has little time 
to diffuse into the dies. This reduces the complexity of the shapes that can be pro- 
duced on high-speed forging equipment, and potentially increases the amount of 
machining required. Thus, increasing the production rate by using a high speed 
forging operation also reduces the shape complexity that can be obtained and 
may increase the amount of machining required to reach the final shape. 

1.4 Current Trends and Future Developments 

While the majority of aluminum forgings are made from heat treatable alloys pro- 
duced by ingot metallurgy, advanced alloys have been developed for specific prop- 
erty improvements. The aluminum-lithium series, for example, provides high 
strength and increased elastic modulus with reduced density. Premium strength 
alloys have also been developed by consolidating rapidly-solidified powders into 
forging stock. These alloys are particularly resistant to corrosion. Aluminum alloy 
matrix composites, reinforced with silicon carbide particulate or whiskers, provide 
improved strength over conventional aluminum alloys. All of these advanced alloys 
can be forged, requiring nearly the same forging pressure as conventional alloys, 
but some are less workable and prone to cracking during forging. In addition, 
forging of sintered aluminum powder preforms has recently become a commercial 
reality. The low workability of composites and powder preforms present new 
challenges to defect-free forging of aluminum parts. 

Advances in the solidification science of aluminum have resulted in castings 
with reduced segregation and porosity, leading to improved properties. As a result, 
direct casting of complex shapes is a threat to the dominance of forgings for critical 
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load transmission applications. In addition, the semi-solid forming process, based on 
thixotropic material technology, may further erode the markets for forgings. 
Semi-solid processes form billets heated to a mushy state (between its solidus 
and liquidus) in forging or die casting equipment. The resulting material has virtually 
no porosity and a fine microstructure, so it can compete with forgings on the basis of 
structural integrity. Parts formed by semi-solid processes, however, do not have the 
strengthening effect of grain flow that is a feature of solid state forming. High-speed 
machining of complex shapes directly from heavy rolled plates is an additional threat 
to expanded use of forgings. Reduced set up time, machine tools of greater rigidity, 
precision computerized controls, and new cutting tool materials have made high 
speed machining a viable contender for producing complex shapes that are ordi- 
narily made by forging. 

The major deterrent to more widespread use of forging is the high cost and long 
lead time for the design and production of tooling. For this purpose, computer tech- 
nology (CAD /CAM) is being used to expedite the design and manufacture of 
tooling. In addition, process simulations by finite-element modeling and physical 
modeling are being used increasingly by forging shops for the development of 
optimized process parameters, including tooling designs. This practice reduces 
the trial-and-error efforts required to produce successful forgings. Furthermore, 
rapid prototyping methods are being refined to produce tooling directly from 
CAD solid model files. This approach is being introduced to plastic injection 
molding and die casting, first, because of the lower pressures involved. One major 
advantage of the use of rapid tooling approaches is that internal cooling channels 
can be fabricated into the tooling, conforming to the part shape, and leading to 
much more uniform heating or cooling of the part. Collectively, these technologies 
will reduce the time and cost of producing forging tooling, and will alter drastically 
the way forging design and production is carried out in the next decade. 

1.5 Rationale 

To understand the design flexibility and limitations of aluminum forgings, we will 
review the current forging methods and materials, as well as the mechanics of metal 
flow during forging. These considerations will then lead to an understanding of 
the design guidelines for aluminum forgings. 


2 FORGING PROCESS 
2.1 Forging Methods 

Blocker-type, conventional, and high definition approaches to forging (also known, 
collectively, as impression die forging) are very similar in that the tooling consists 
of an upper and lower die containing the negative impression of the part to be 
produced. A blocker-type forging. Fig. 1, produces only a rough approximation 
of the final part shape and dimensions, with large corner and fillet radii, generous 
taper (draft) angles, and a large envelope of excess metal around the part to be 
produced. These geometric features facilitate metal flow into the die cavities, 
and assure easy removal of the forged part from the dies. Considerable machining 
is required (as much as 90% of the material volume is removed) to obtain the final 
part shape and dimensions. Conventional and high definition forgings have pro- 
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Figure 1 Blocker forging. 



Figure 2 Precision forging. 


gressively smaller machining envelopes, smaller draft angles, and smaller radii, but 
still require machining all over to reach the final part shape. Precision forging, Fig. 
2, on the other hand, uses segmented tooling in a trap die concept to form the part 
to net, or near-net, shape requiring little or no machining. Little if any draft angles 
are used because the die segments separate readily from the part. 

Frequently, blocker forgings are used as preforms for conventional, high 
definition, and precision forgings. This distributes the billet material into a shape 
for easier flow in the more detailed die, but at the expensive of an additional die 
set and process step. Open die forging methods, such as fullering, gathering, and 
edging, are also used to redistribute material from a simple billet or bar shape into 
a preform that facilitates forging of the final shape without defects. 

Impression forging dies are placed in a hydraulic press, mechanical press, screw 
press, or forging hammer (in order of increasing forging speed, respectively) which 
moves the dies together and applies force to the billet. These forces compress 
the material between the dies, forcing the material to deform plastically and flow 
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into the recesses of the die, Fig. 3(a). During forging, the material flows laterally, 
upward and/or downward into ribs and bosses, and then through a flashland. A 
flash gutter. Fig. 3(b) is provided around the periphery of the part impression to 
allow for the escape of excess metal and to produce back pressure that helps force 
metal into the die details. The flash is then trimmed off to give the final forged shape. 
The plane between the closed dies along which the flash forms is called the parting 
line; location of the parting line is an important design parameter since it affects 
the metal flow and pattern of microstructure in the part. 

Billets for forging have a fiber, or grain flow pattern, along the axial direction 
due to elongation of inclusions and second phase particles during hot working 
by rolling or extrusion. Subsequent forging deformation realigns this fiber structure 
along the longitudinal dimensions of the die cavities (ribs and webs) of the forging, 
as shown in Fig. 3(c). These inclusions and second phase particles have a strength- 
ening effect in the same way that fibers and particulate in metal matrix composites 
reinforce the material in the direction of their alignment. As a result, the strength 
of material in the length direction of ribs and webs is greater than the strength 
transverse to the ribs. Similarly, the flow of metal around the corner radii of the 




Figure 3 (a) Metal flow and formation of flash in a conventional flash gutter in impression 

dies; (b) Flash details. 
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METAL FLOW LINES 



Figure 3 (c) Section of a forging showing grain flow in the directions of metal flow; (d) 

Exposure of grain flow to the sheared surface by flash removal along the parting line. 


die (fillet radii in the part ) strengthens the corner regions of the part. Through proper 
design, grain flow can be oriented along the directions that will experience the great- 
est stress in the part during use. 

Unfortunately, grain flow also occurs as material flows into the flash, Fig. 3(c), 
and trimming the flash may expose a plane of weakness in the material caused by the 
tight packing of inclusions and second phases within the narrow gap of the flashland. 
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Figure 4 Through-die design for precision forging. 


This plane of weakness around the periphery of the part may be a source of cracking 
if significant residual stresses are generated during subsequent heat treatment. 
Corrosion may also start along this plane of weakness when the part is placed 
in service or storage. Therefore, the parting line, and flash land, should not be located 
so that the exposed plane of weakness will be in a critical stress bearing location of 
the part, as in Fig. 3(d). 

In contrast to impression die forging, precision forging uses a trap die tool set 
made of die segments assembled within a yoke or die holder, Figs 4 and 5, to produce 
a forging that is very close to the finished part shape and dimensions. Material flows 
along the web and into the ribs, as in impression die forging, but any excess material 
flows into thin flash zones at the top and bottom of the ribs, Fig. 2, rather than along 
the vertical surfaces, Fig. 1. Not only is the flash much smaller in precision forging, 
but any plane of weakness is at the tips of the ribs, rather than along the side 
of the part, and has little effect on material integrity. 

Figure 4 shows a “through die” precision forging tool set. Note that the forged 
part is trapped within upper and lower punches and the die sidewall. The upper and 
lower punches form the part details and the die wall forms the outer vertical surfaces. 
The lower punch also serves to eject the forged part from the die. For more com- 
plicated shapes, a “wrap die” concept. Fig. 5, is used in which the die wall segments 
rotate outward as the part and die set are pushed upward out of the yoke after 
forging, or the die segments can easily be removed by hand from the forged part. 
This approach enables easy removal of the part from the die, which in turn eliminates 
the need for draft angles on the vertical surfaces. In addition, the wrap die concept 
allows for production of parts with undercuts, such as Fig. 6. [1,2]. 
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Figure 5 “Wrap die” for precision forgings. 


vertical f(_ 



Figure 6 A precision forging showing the formation of undercuts. 
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Clearly the tooling cost for blocker-type impression die forging is less (by a 
factor of three to five) than the cost for segmented precision forging dies. This cost 
can be offset by the reduced cost of machining for precision forgings, making pre- 
cision forging economical for large quantities by amoritizing the tooling cost. 


2.2 Materials 

Aluminum forgings are most commonly made of the heat treatable alloys, 2000, 
6000, and 7000 series, whose composition and in-use heat treated properties are 
described elsewhere in this volume. For analysis of forging these alloys, however, 
we need to understand their mechanical properties at the temperatures and strain 
rates occurring in forging processes. Such data can be obtained in specialized test 
facilities that control the deformation stroke to give the desired strain rate, and 
provide a controlled heating environment around the test specimen to give the des- 
ired temperature uniformly throughout the specimen [3]. Compression testing with 
low friction is normally used in this type of equipment to determine flow stress 
curves. Compression testing with friction, as well as bend tests, are used to determine 
the fracture behavior. 

Flow stress curves for three examples of these alloy series, AA 6061, AA 2014, 
and AA 7075, are shown in Figs 7-12 [4]. This reference also provides as-formed 
microstructures, and the flow stress data can be downloaded over the Internet 
for use in finite element models. Figures 7-9 show the significant effect of tempera- 
ture on the flow stress; decreasing the forging temperature by 100°C more than 
doubles the flow stress, while increasing the forging temperature by 100°C decreases 
the flow stress by approximately one-half. Therefore, selection of the forging tem- 
perature has a critical effect on the ease of flow of materials, and the resulting pre- 
cision and detail that can be formed in the forged part. The use of high preheat 
temperatures for forging, however, risks the development of hot shortness (sever 

AA 6061 Strain rate 0.1/s 



Figure 7 Flow stress curves. 
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A A 2014 Strain rate 0.1/s 



Figure 8 Flow stress curves. 


AA 7075 Strain rate 0.1/s 



Figure 9 Flow stress curves. 


cracking) due to incipient melting. The temperature rise due to deformation heating 
added to the billet preheat temperature may reach the solidus and melt low tem- 
perature phases in the material. This possibility is greatest in mechanical and 
hammer forging because the heat generated by deformation has little time to dis- 
sipate, essentially giving rise to adiabatic heating. 

The flow stress of aluminum alloys is also affected significantly by strain rate, 
as shown in Figs 10-12. At the typical forging temperature of 350°C, increasing 
the strain rate from 0.1 per sec to 20 per sec increases the flow stress by one-half. 
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AA 6061 Temperature 350 C 



Figure 10 Flow stress curves. 


AA 2014 Temperature 350 C 



Figure 11 Flow stress curves. 


while decreasing the strain rate to 0.001 per sec approximately halves the flow stress. 
A strain rate of 0. 1 per sec is typical of hydraulic presses while the strain rate of 20 per 
sec is typical of mechanical presses, and the strain rate of 0.001 per sec occurs during 
creep forming. The low flow stress at the strain rates of hydraulic pressing enables 
finer details in forged parts than can be obtained in mechanical presses or hammers. 

Since the forging temperature for aluminum alloys is relatively low, dies for 
forging aluminum (typically, a hot working grade of tool steel is used) can be heated 
to the forging temperature without seriously deteriorating then die material or die 
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AA 7075 Temperature 350 C 



Figure 12 Flow stress curves. 


surfaces. This factor further facilitates metal flow by eliminating cooling of the 
workpiece, so that fine detail can be developed in the forging, particularly in 
hydraulic presses. 

Generally, the conventional alloys described above are very ductile at the 
forging temperatures and do not crack, even under large deformations, during 
forging. The advanced alloys, e.g. aluminum-lithium alloys, metal matrix 
composites, and consolidated rapidly solidified powders, however, may have limited 
ductility at forging temperatures, even though their flow stresses are similar to the 
conventional alloys. To evaluate the ductility of the advanced alloys for forging 
applications, a workability test has been used, as shown in Fig. 13. Compression 
of cylindrical specimens of the material generates circumferential tensile stresses 
and axial compressive stresses, Fig. 13(a), similar to those occurring in localized 
regions of a forging. Measurement of the surface strains during compression testing, 
Fig. 13(b), leads to a workability diagram for the material, such as Fig. 13(c), which 
can be used to determine the likelihood of cracking during an actual forging. This 
workability approach can also be used to evaluate changes in process parameters 
to prevent cracking. [5]. 


2.3 Deformation Process Mechanics 

Figure 14 shows again the two extremes in producing the same part by forging: a 
blocker-type forging in Fig. 14(a), which has relatively large web and rib dimensions, 
draft angles, and radii, and requires considerable machining of material to reach the 
final required dimensions (shown by the dotted lines); and Fig. 14(b), which shows a 
precision forging approach to the same part, with little or no machining required to 
reach the final dimensions. The forging loads and tool design for these cases are 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




(a) 



-i o -fti -Si - Or* -s.j o 


Comprisin'* «, 



Comprauiv* strain 


(b) 


(c) 


Figure 13 Workability testing: (a) upset test; (b) strains on the surface of the test specimen; 
(c) strains at fracture for AA 2024 at room temperature and hot working temperature. 


considerably different. The forging load for precision forgings is higher than blocker 
forgings, and the cost of tooling for precision forged parts is considerably higher 
than blocker forged parts. 

To understand these differences and their implications for design with forgings, 
we will consider the mechanics of metal flow in the rib- web type aluminum forgings 
shown in Fig. 14. A wide variety of shapes can be produced by forging, but the 
geometric features of this type of forging are representative, and will illustrate 
the main features of metal flow and pressures during forging. The slab method 
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(a) 




I 



Figure 14 Blocker (a) and precision forging (b). 


of analysis will be used; although it involves several approximations, it provides 
physical insight to the forging process and involves only simple calculations. This 
method of analysis is described in several references [6-8]. 

Generally, the forging billet is first contacted by the web sections of the die. As 
the billet undergoes compression, material flows laterally then vertically into the 
ribs. We will examine metal flow in the web and ribs separately, and then combine 
the results. The total load is made up of the pressure to form the web plus the press- 
ure to form the ribs. 

First, focusing on the lateral flow of metal in the web section, Fig. 15(a), we can 
consider the behavior of a typical vertical element of material having height t (the 
web thickness) and width dx as it moves to the right (positive x-direction) with 
the metal flow. Vertical pressure p acts on the element as the upper and lower dies 
press on the billet. Since the element is moving to the right, away from the centerline, 
friction at the die contact surfaces will act to the left on the element, opposing the 
relative motion. In metalworking processes, friction is most accurately represented 
as f—mk, where k is the shear yield strength of the workpiece material, and m 
is a friction factor that ranges from 0.0 for perfect lubrication to 1.0 for perfect 
sticking of the workpiece material to the die. The shear yield strength k is equal 
to 0.577 S, where S is the flow stress of the material [6]. 
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With the friction forces acting to the left on the top and bottom surfaces of the 
element shown in Fig. 15(a), there must be an internal horizontal force acting to the 
right on the element to maintain equilibrium. (Even though the element is moving, 
its acceleration is negligible, so static equilibrium is maintained, i.e., the sum of 
the forces in the x-direction equals zero.) An internal pressure, designated q, acts 
in the x-direction on the vertical faces, differing by a differential amount dq on each 
side of the element. 



(b) 


Figure 15 (a) Element of material in the web section during forging; (b) Schematic pressure 

distributions in the web. 
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Applying horizontal equilibrium to the element, 
qt — (q + dq)t — 2 mk dx = 0 

tdq — 2mkdx — 0 (1) 

dq — —2mk/tdx 

As the billet spreads to the edges of the web section of the die, the ends are free from 
stress, so q = 0 at x — Lt 2. Applying this boundary condition to Eq.(l), 

q — 0 = —(2 mk/t) ( x — L/2) 

or (2) 

q — mk (L/ t) (1 — 2 x/L) 

This distribution of internal pressure q, shown in Fig. 15(b), has a peak value at the 
centerline and is symmetric about x — 0 because material to the left of the centerline 
flows to the left, and is a mirror image of the element shown in Fig. 15(a). 

Since the element of material in Fig. 15(a) is undergoing plastic deformation, 
the stresses acting on the element must satisfy the yield criterion [6], 

p — q — 1.15 S = 2k 

where S is the flow stress of the material. Then the pressure on the die in the web 
region is 

p = 1.15 S + q = 1.15 S [1 + (m/2)(L/t)(l - 2x/L)] (3) 

which is also plotted in Fig. 15(b). The peak pressure at the centerline is 1.1 55 [1 
+(m/2)(L/t)\. 

Even though the web is flat and the compressive deformation is the same at any 
point along the web, the pressure distribution acting between the die and material is 
actually non-uniform, reaching a peak value at the center. Note that the pressure 
at any point along the web increases with increasing web length to thickness ratio 
Lit, friction m, and flow stress S. 

If we take m = 0.3, a typical value for aluminum forging. Lit — 3 for the 
blocker-type forging, and S — 100 MPa (approximately, for convenience) from Fig. 
7 (AA 6061 at 350°C, 0.1 per sec strain rate), Eq. (3) gives the peak pressure in 
the web as 167 MPa. For a precision forging having Lit — 9 (web thickness is 
one-third of the blocker web thickness), the peak pressure will be 270 MPa, or 
60% higher than the blocker-type forging. 

Figure 15 and Eq. (3) show that friction is the major constraint to metal flow in 
the web section, and its influence increases as the web thickness decreases. The effect 
of this frictional constraint can be reduced, to some extent, by tapering the web 
section, as shown in Fig. 16. Again examining a vertical element of material moving 
to the right in the web region, pressure from the die now has a component of force 
acting outward in the positive x-direction, counteracting the friction force acting 
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Figure 16 Element of material in a tapered web section. 


inward. Equilibrium of the element in Fig. 16 gives 

qt +p dt — 2 mk dx — (q + dq)(t + dt) = 0 
pdt — qdt — 2 km dx — tdq = 0 
dq = [(p — q) dt — 2 mk dx]/t 

If we again take p-q — 2k — 1 . 1 5S, 

dq — 1.15 S(dt/dx — m)dx/t (4) 

If the taper is represented by t — T+ (tan A)x, where T is the web thickness at the 
center (x — 0) and A is the taper angle, then dt! dx = tan A — A'. Substituting these 
into Eq. (4). 

dq = 1 . 1 5 S (A' — m) dx/( T + A'x) 

The boundary condition q = 0 at x — LI 2 applies again, giving 

q - 0 = 1.15 S (A' - m) (1/A') [ln(T + A'x)/ In (T + A’L/2)] 
q= 1.15 S(m/ A' — l)ln[(T + A' L/2)/(T + A'x)\ 

At x = 0, the horizontal pressure is 

q = 1.15 S(m/A’ - 1) In [1 + (A’/2)(L/T)\ 

and the peak die pressure is p — 1.15 S + q, or 

p = 1.15 5 {1 + (m/A’ - 1) In [1 + (A’ /2)(L/T)}} (5) 

Using Eq.(5), for a taper angle of l°c, and all other conditions remaining the same, 
the peak pressure for the blocker forging (LIT — 3) is 163 MPa, a reduction of only 
2.4% compared to 167 MPa pressure for the flat web. A 3° taper angle reduces 
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the peak pressure by 6.6%. However, for the precision forging (L/T= 9), Eq.(5) gives 
a peak pressure of 256 MPa for 1° taper, and 230 MPa for 3° degree taper, which are 
5% and 15% less, respectively, than the 270 MPa pressure for a flat web. 

Focusing now on the flow of metal into the ribs, the pressure required to force 
material into a rib cavity must overcome friction as well as the taper on the rib. 
Consider a horizontal element of material in the rib having width w and thickness 
dz, Fig. 17, as it moves upward (positive 2 -direction) with metal flow into the rib. 
Pressure;; acts on each end of the element in contact with the die in the rib section. 
If there is no draft angle on the rib, the pressure p will act horizontally, but if 
the rib has a draft angle, a component of the pressure p will act downward in 
the vertical direction. Friction will also act downward on the ends of the element 
since the element is moving upward. Because of the friction forces and vertical com- 
ponents of the pressure from the die, the internal pressure q will differ by a 
differential amount dq on each side to maintain vertical equilibrium of the element. 
Applying equilibrium in the 2 -direction, 

qw — (q + dq)(w + dw ) + p dw — 2mkdz — 0 
q dw — w dq +p dw — 2 mk dz — 0 
(p — q) dw — 2 mk dz — w dq 
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Since the element is undergoing plastic deformation, the pressure difference must 
satisfy the yield criterion, p — q — 2k — 1 . 1 5 S, giving 

dq = 1.15 S (dw/dz — 2m) dz/w (6) 

Also, the draft angle A on each side of the rib gives the variation of width of the 
element w— W — 2(tan A )z =W— 2A'z, where W is the thickness of the rib at its 
base, z — 0. 

Then Eq. (6) gives 

dq = - 1 . 1 5 S {2 A' + m) dz/( W - 2 A'z) 

Since the pressure q is zero at the top of the rib, z = h, this boundary condition gives 
q — 0 = — 1.15 S' (m/W)(z — h) for A — 0 

and 

q-0= —\A5S(2A' + m)/2A’\n[(W — 2A'z)/(W — 2A'h)\ tor A > 0 

In final form, 

q = 1.15 Sm(h/W) (1 - z/h) [A = 0] 

and 

q = 1.15 5(1 + m/2A') In {[1 - 2 A'Qi/W) (z/h)\/[ 1 - 2 A’(h/W)\ [A > 0] 

The pressure distribution for this case, Fig. 18, shows a nearly linear decrease in q 
from the bottom to the top of the rib (linear decrease if the draft angle A = 0). 
At the base of the rib, z = 0, the pressure required to fill the rib is 

q=\.\5Sm(h/W) ([A = 0] (7a) 

and 

q = \.\5s(\+m/2A')\n[\-2A'(h/W)\ [A > 0] (7b) 

Taking m = 0.3 and a typical blocker-type forging rib, h/W—1.0, Eqs. (7a) and (7b) 
give the following results for rib forming pressure for no draft and for draft angles of 
1°, 3° and 5°: 


A (°) 

Rib Pressure (MPa) (h = W) 

0 

34.5 

1 

39.2 

3 

49.1 

5 

59.9 


For a precision forging, with h/W—3, and all other conditions remaining the same, 
the rib forming pressure becomes 
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Figure 18 Pressure distribution along the length of the rib. 


A(°) 

Rib Pressure (MPa) (h = 3W) 

0 

103 

1 

121 

3 

167 

5 

213 


Note that forming thinner ribs (decreasing W by a factor of 3) at least triples the rib 
forming pressure, and the multiplying factor increases with increasing draft angle. 
Also, use of a 5° draft angle rather than no draft angle approximately doubles 
the rib forming pressure. This is the opposite effect of the taper angle in the web, 
Eq. (5), where the pressure component due to the taper angle in the web counteracts 
the effect of friction, while in the rib the pressure component due to the taper angle 
augments the effect of friction. 

As metal flows to the end of the rib, an additional pressure is required to com- 
pletely fill the corner radii of the rib. Near the corners, a cylindrical state of stress 
occurs. Fig. 19, which can be treated by an equilibrium analysis similar to that 
for the rib and web. In this case, the material has nearly filled the corner and 
the unfilled region is defined by an arc of radius R. 

The equilibrium analysis examines a quarter circular arc element moving into 
the corner at a distance r from the comer. The element is acted on by pressure from 
the die surfaces perpendicular to the corner. Friction also acts on the ends of 
the element in the direction opposing flow into the corner. These forces lead to 
a differential in radial pressure dq across the thickness of the arc element. 

Applying equilibrium in the radial direction ( origin at the intersection of the rib 
end and side surfaces), pressure q acting over the quarter circle arc gives a total force 
of q r~Jl acting at 45° between the two corner surfaces and away from the origin. The 
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Figure 19 (a) An element of material flowing into a corner of the rib; (b) Transition from 

the corner cylindrical stress state to the rib linear slab stress state. 


pressure q + dq similarly gives a total force of (q + dq)(r + dr) ~J2 acting in the 
opposite direction. The pressure and friction forces act over the element thickness 
dr and their components in the 45° direction are 2 (p + mk) \fl. The square root 
factors appear in all terms, canceling out, and leaving 

q r — (q + dq)(r + dr) + pdr + mk dr — 0 


or 

dq = [mk + (p — q)]dr/r 

Again, from the yield criterion, p - q — \.\5 S — 2k, giving 
dq — 1.15 5(1 + m/2) dr/r 

At r — R, the free surface radius, the radial pressure q — 0, then 
</ — 0 = 1.15 5(1 + m/2)(lnr — Ini?) 


or 


q — 1.15 5(1 +w/2)[ln(r/R)] 


( 8 ) 
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As shown in Eq. (8), in the limit, the pressure required to form a corner of zero radius 
(R = 0) is infinite. Even small corners will require very high pressures for complete 
filling. 

Transition from the cylindrical pressure state in the corners to the linear slab 
stress state in the rib occurs in a transition zone, Fig. 19(b), defined by r — W 12, 
where W is the width of the rib at the end. Then, to calculate the pressure required 
to fill a corner, take r — W 1 2 in Eq. (8). Using m — 0.3, S— 100 MPa, w' — 12mm, 
12 mm, and a corner radius of 1.6 mm, the pressure required to fill the corner is 
175 MPa. For a corner radius of 3.2 mm, the required pressure drops to 83 MPa. 
Note that the corner filling pressure is the same order of magnitude as the pressure 
required to fill the entire rib. 

The pressures required to form the die corners, ribs, and webs are additive, as 
shown in Fig. 20. Starting with the pressure required to fill the corner, this serves 
as the boundary condition for pressure in the rib. That is, taking q\ from Eq. 
(8) as the pressure needed to fill the corner, the pressure for forming the rib is 
q 1 plus the calculation for rib forming (Eq. (7)), giving the total pressure q2 at 
the base of the rib. Similarly, this pressure serves as the boundary condition for 
the pressure in the web. In this case, from Fig. 20, the transition around the die 
corner involves applying the yield criterion at the junction between the rib and web. 
That is, q3 at the end of the web equals the pressure at the base of the rib, q2, plus 
1.15 S. Then the internal pressure distribution q in the web is given by Eq. (2) plus 
q3, and the pressure distribution on the die in the web region is given by Eq. (3), 


l 




Figure 20 Accumulation of pressure: q 1 from corner filling, q 2 from rib forming, q 3 from the 
junction between the rib and web, and finally P due to lateral flow in the web. 
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modified to include q 3. The total peak die pressure on the web at x — 0 (for the case of 
no draft angles) is then 

p = 1 . 15 S [1 + (m/2)(L/t) + m(h/w) + (1 + m/2 ) In (w'/2R)] (9) 

where the three non-unit terms in square brackets represent the contributions to 
pressure from the web, rib, and corner, respectively. The pressure on the die in 
the web region increases substantially as the die corner radii R at the top of the 
ribs decrease, as the rib height h increases and the rib thickness W decreases, as 
well as when the web thickness t, itself, decreases. Calculation of the total forging 
load can be obtained by integrating the pressure distribution on the web section 
and the cross-sections of the ribs. The effects of web and rib angles can be included 
by replacing (m/2) ( L/2 ) by (ml A’ - 1) In [1 + (A’ I2)(LI T)\ from Eq. (5) and replac- 
ing m(h/W ) by Eq. (7b). 

Another important aspect of metal flow during aluminum forging requires a 
more localized view of metal flow around a corner of the die, such as the radius 
between the rib and the web. If the die corner radius is too small, metal flow around 
the corner separates from the die. When the material reaches the top of the rib, 
it folds over on itself and causes a lap, as described in the sequence of Fig. 21. This 
phenomenon occurs only for relatively thick ribs having sufficient space for the 
material to fold over. Thin ribs, as in precision forging, prevent this type of defect. 




Figure 21 Illustration of the influence of die corner radius on the formation of laps. 
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Very high shear stresses generated during flow around such corners may cause 
periodic cracking in the surface material as it is extruded into the rib region, as shown 
in Fig. 22. For the conventional heat treatable alloys such as the 2000, 6000, and 7000 
series as well as aluminum-lithium and consolidated powders, such defects are not 
very likely. However, in the metal matrix composites and powder alloys, cracking 
of this form is very prevalent. Paradoxically, cracking around the fillet radii in these 
hard to work alloys is less likely to occur in thin ribs than in thicker ribs because the 
higher pressure required to form thin ribs prevents the ductile fracture mechanism 
from occurring at the base of the rib. Cracking is also possible at the top of the 
rib in hard to form alloys, as shown in Fig. 22, because friction along the rib surfaces 
pulls tensile stresses on the top free surface. 

Finally the influence of forging design on die stresses must be taken into 
account. For example, in a blocker-type forging. Fig. 14(a), pressures from the 
workpiece acting on the rib surfaces of the die produce a wedge effect that tends 
to expand the rib thickness, causing tensile stress concentration at the top of the 
rib cavity. However, the large radii in a blocker-type die will minimize such stress 
concentrations. In contrast, high definition forgins and conventional forgings have 
thinner ribs, which lead to sharper radii at the top of the ribs; they also have larger 
pressures acting on the rib sections of the die, as described by Eq. (7). This com- 
bination of circumstances leads to high stresses in the die and a greater likelihood 
of cracks (or die checking) in the die corners, as shown in Fig. 23. Die cracking 



Figure 22 Fracture during rib-web forging of a hard to work alloy: (a) cracking at the top 
surface and at the comer radius; (b) strain state at the top of the rib; (c) strain and pressure 
at the comer radius. 
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of this type does not exist in precision forging, Fig. 14(b), because the die segments 
meet at the tops of the ribs to allow for a parting line and flash, so tensile stresses 
do not occur in the rib corners. 

Die wear is an additional problem that is affected by forging design. Small fillet 
radii on the forged parts require small corner radii on the die, which are susceptible 
to high wear if they are in an area where high die pressures and high metal flow 
rates occur. The localized generation of heat due to high deformation is augmented 
by the generation of heat due to friction at the corner, which raises the temperature 
of the die corner and further aggravates the conditions for wear. This set of circum- 
stances is particularly apt to occur at the corner radius joining a web and rib, 
especially if the rib thickness is small. The major result of these effects is reduced 
die life and/or increasing frequency of die reconditioning to maintain the forging 
dimensions within tolerance. 

Insight into metal flow, defects, pressures and die stresses during forging can 
also be obtained through modern, high speed computing using large deformation, 
nonlinear finite element codes, such as ALPID, DEFORM, and ABAQUS. Figures 
24 and 25 are examples of the deformation patterns predicted by such codes for 
a rib-web shape in precision forging and in impression die forging [9]. Such 
simulations use extensive computer time and are primarily useful at the present time 
for troubleshooting specific design problems, rather than as a general forging design 
tool. As computer hardware advances continue and numerical methods further 
reduce computational time, it is expected that computer simulations will be used 
iteratively to optimize forging and die designs. In the meantime, simple analyses 
such as Eqs. (1) (9), empirical workability approaches such as Ref. 5, and 
experience-based rules of thumb are used for forging design. 


3 FORGED PART DESIGN 

The quantitative and qualitative results given in the previous section control the 
design of parts for aluminum alloy forging. Specifically, taper (draft) angles, fillet 
and corner radii, rib heights, and rib and web thicknesses are limited by the forging 
method, tooling concepts and cost constraints. In addition, selection of the forging 
orientation and parting line affect the grain flow, ease of forging, and cost. 

3.1 Parting Line 

The line of separation of the dies is called the parting line. Figs 1, 2 and 3(a), and 
establishing the location and shape of the parting line is the first step in forging 
design. The decisions on choosing the parting line are different for impression 
die forging and precision forging. Obviously, to separate impression dies and allow 
removal of the forged part, the forging can have no undercuts, such as in Fig. 
6. For precision forging, the dies are made for easy removal of the part after 
the die segments are removed from the die holder or yoke, Figs 4 and 5. In this 
case, the parting line will be vertical (Fig. 2). 

In impression die forging, the parting line should encompass the largest 
cross-section of the part. Spreading metal laterally is easier than forcing material 
into tall ribs, as seen from Eqs. (4) and (7). The part shown in Fig. 26, then should 
be forged with the orientation shown on the left because the rib heights are lower 
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Figure 24 Simulation of a rib web shape in precision forging. 


and has the largest cross-section of the two options. If the forged part can be 
designed with one side flat, as in Fig. 27, the parting line is at the top and die manu- 
facture is simplified because only one impression die needs to be machined. 

Parting line selection also affects the grain flow in the part. With the parting 
line at mid-height of a rib, Fig. 3(d), the grain flow exits into the flash along a vertical 
surface, and the plane of weakness may be in a critical area regarding the loads to be 
transmitted by the finished part. Thus, the parting line and flash should be located at 
the extreme ends of the ribs, i.e. at the junction with the web, or at the tips of the ribs. 
In precision forging, the vertical parting lines, Fig. 2, assure that the flash always 
exits the tips of the ribs, causing no plane of weakness at a critical location. 
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Figure 25 Simulation of a rib-web shape in impression die forging. 


Planes of symmetry allow easy centering of the part along the axis of force of 
the forging equipment, which avoids side thrust on the dies. If the forging equipment 
has sufficient capacity, a plane of symmetry can be enforced by forging two 
non-symmetric parts as one part with a common face acting as the plane of 
symmetry. Then the two parts can be separated by sawing or shearing operations. 


3.2 Fillets and Corners 

Sharp fillet radii in the parts (small corner radii in the dies) lead to a number of 
problems, including laps (Fig. 21), cracks (Fig. 22), and excessive die wear. The first 
two defects are avoided in precision die forging because the rib sections are thin, 
but at the sacrifice of the high cost of precision tooling. Suggested minimum fillet 
radii between webs and ribs for small rib heights on blocker-type forgings is 0.50 in. 
and for precision forgings 0.125 in. For rib heights beyond 1 in., these part fillet radii 
should be increased by 0.50 in. for blockers and 0.125 in. for precision forgings, per 
inch of flange height. When forging hard to work alloys, these radii should be 
doubled. 
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Figure 26 This section should be forged with the orientation shown on the left. 
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Figure 27 Forging with one flat side. 
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Figure 28 


Recommended corner radius limits for aluminum alloy forgings. 
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Comer radii on forgings (fillet radii on the dies) should also be generous to 
allow for easy filling of the rib corners (Eq. (8)) and to minimize stress concentrations 
at the fillet radii of the die during forging, shown in Fig. 23. Suggested corner radii 
are given in Fig. 28 for impression dies. The suggested minimum radius is 1/16 in. 
for small distances from the parting line, and then increases linearly with increasing 
height. 


3.3 Web Thickness 

As shown by Eq. (9), thin webs and ribs cause the forging pressure to become very 
large. If the maximum forging pressure on the die is taken as 1400 MPa, a typical 
limit for hot working die steels, the limiting part dimensions can be estimated from 
Eq. (9) Figure 29 shows a nomogram for such limits in the form of web thickness 
versus plan area of the forging. As shown in Fig. 16 and Eq. (5), supplying a taper 
on the web, Fig. 30, reduces the peak forging pressure and facilitates metal flow 
from the web to the ribs. 
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Figure 29 Nomogram for web thickness limits. 
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Figure 30 Tapered web facilitates metal flow to the ribs and reduces the forging pressure. 



Figure 31 Example comparison of forging costs as a function of number of parts. 

3.4 Rib Height 

As shown in Fig. 17 and Eq. (7), long, thin ribs require considerable forming 
pressure. Typically, the rib height-to-width ratio limits for blocker-type forgings 
is 5, for conventional forgings the limit is 15, and for precision forging the limit 
is 23. Draft angles are typically 10°, 3° and 1°, respectively. 

3.5 Cost 

For rib- web type forgings typically used in airframe structures, the total cost per 
piece for blocker-type forgings, conventional forgings, and precision forgings are 
shown in Fig. 31. With precision forgings, while the tooling cost is high the per piece 
cost drops rapidly with increasing production quantity because the tooling cost is 
amortized over each part and little machining is required. With blocker-type forgings 
although the initial tooling cost is low, machining cost remains high. Conventional 
forgings are an alternative for small quantities; typically between 50 and 100 pro- 
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duction quantity, a crossover occurs whereby precision forgings become cheaper 
than conventional forgings on a per part basis. Of course, precision forgings are 
primarily carried out on hydraulic presses where the production rate is, at best, tens 
per hour so precision forging is applicable primarily for parts requiring limited 
annual quantities. Mechanical presses, on the other hand, which are capable of pro- 
duction on the order of thousands per hour, are necessary if large annual quantities 
are required. In this case precision forging to net shape without machining is 
not feasible. Therefore, the tooling approach and tooling costs will vary depending 
on the quantity of parts required as well as the dimensional tolerances and 
dimensions required. 


REFERENCES 

1. T. G. Byrer, S. L. Semiatin, and D. C. Vollmer (eds.). Forging Handbook, 1985 Forging 
Industry Association Cleveland, pp. 223-224. 

2. ASM International, Metals Handbook, Vol. 14, 1988, Forming and Forging, 9th Edn, 
Metals Park, Ohio, p. 252. 

3. G. Fitzsimons, H. A. Kuhn, and V. Ishwar, “Deformation and Fracture Testing for Hot 
Working Processes,” Journal of Metals, May 1981, pp. 11-17. 

4. National Center for Excellence in Metalworking, Atlas of Formability, 
www.ncemt.ctc.com/ekb/atlekb/ 

5. C. L. Downey and H. A. Kuhn, “Application of a Forming Limit Criterion to Design of 
Preforms for Powder Forging”, J. Eng. Mater. Tech. Trans ASME, 1975, 97H, pp. 
121-127. 

6. E. G. Thomsen, C. T. Yang, and S. Kobayashi, Mechanics of Plastic Deformation in 
Meted Processing, 1965, The Macmillan Co., New York, pp. 230-234, 341-354. 

7. E. M. Mielnik, Metalworking Science and Engineering, 1991, McGraw-Hill, New York, 
pp. 556-559. 

8. G. E. Dieter, Mechanical Metallurgy, 2nd Edn, 1976, McGraw-Hill, New York, pp. 
561-571. 

9. ASM International, Metals Handbook, Vol. 14, 1988, Forming and Forging, 9th Edn, 
Metals Park, Ohio, pp. 428-433. 

10. T. Altan, et al., Forging Equipment, Materials, and Practices, 1973, Metals and Cer- 
amics Information Center, Columbus, Ohio, p. 350. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



17 


Forging 


KICHITARO SHINOZAKI 

National Institute of Advanced Industrial Science and Technology, Tsukuha, Japan 

KAZUHO MIYAMOTO 

Miyamoto Industry Co. Ltd., Tokyo, Japan 


1 INTRODUCTION 

Since 1950 parts of cameras, bicycles, and tubes have been manufactured from 
aluminum as it is a light metal. After 1960, aluminum was applied for automobile 
parts because of its high strength to weight ratio. For examples, piston for racing 
motorcycles were forged from 4032 alloy at 400°C and valve lifter for sports cars 
were forged at room temperature. Fishing reels have been forged, since 1970, at 
room temperature and forged pistons for racing motor cars since around 1980 [1]. 
The amount of aluminum which was forged has increased since around 1970 after 
forging of aluminum wheels started. If we could find a much stronger aluminum 
alloy to be forged, for example by increasing the silicon content, aluminum appli- 
cation to the motor car industry could be accelerated. Forging can be defined as 
the forming process of the bulky blank which is put on the lower die to receive com- 
pressive force from the upper die and plastic metal flow is initiated to fill the die 
cavity constructed by the upper and lower dies. Or the forming process of billet 
which is put in a container will receive compressive force from a punch and plastic 
metal flow is initiated to flow out from the die orifice. 

When upper and/or lower dies have flat surfaces, the process is called com- 
pressive or upsetting process. This is the simplest forging operation. As a blank 
or billet which suffers a big compressive force during forging operation, so forged 
products will have a much sounder structural quality. Even if the blank or billet 
contains some small voids insides, they will be closed during the forging operation 
which is done under high compressive stress. Upsetting strain can be expressed 
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by engineering strain e defined by 


e — (h 0 - h)/h (1) 

or logarithmic strain e defined by 

fi = ln(7? 0 //?) (2) 

ho and h denote the heights of the billet before and after upsetting (Fig. 1). 
Logarithmic strain is superior to express large strain, and is often used for 
forging operations, because material receives a large strain by forging operation. 
During small strain less than 0.1, engineering strain e is nearly equal to logarithmic 
strain e. 

The relation between true stress (flow stress) and logarithmic strain during 
upsetting is shown in Fig. 2. for annealed pure aluminum (99.7% AI, 18HV). Cyl- 
indrical aluminum billet was upset in a sub-press to keep the top and bottom surfaces 
of a billet parallel. The upsetting test was done on a hydraulic material testing 
machine at room temperature. The re-shape upsetting method [2] was applied to 
keep the billet’s height /diameter ratio between 1.5 and 0.5 during upsetting. When 
the h/d ratio is more than 1.5, sometimes billet will show buckling and when 
the h/d ratio is less than 0.5, the effect of frictional force between die and billet 
to flow stress will not be possible to neglect. 

Generally speaking many forged products have strain between 2 and 4, so it 
will be easily understood that the forged product will have higher strength than 
the original material because of work hardening when forging has been done at room 
temperature. Flow stress is linked directly to each individual material components 
and testing conditions such as strain rate and temperature. If we do not know 
the flow stress-strain curve for the individual given materials, hardness could be 
helpful. Flow stress and hardness have very good mutual co-relations. When there 
is friction between the die and the block during the upset of a rectangular 
parallelpiped, the distortion of the top surface of the block cannot be neglected. 
The top view after upsetting can not be similar to the original rectangle, but more 
deformation along the shorter side will be observed (Fig. 3). Forged products could 




(a) (b) 

Before After 

upsetting upsetting 

Figure 1 Dimensions of test piece of upsetting test, friction free. 
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Logarithmic strain £ 


Figure 2 Flow stress versus logarithmic strain curve of pure aluminum. 



— Before upsetting 
— — After upsetting 

Figure 3 Top view of rectangular parallele piped test piece of upsetting test, accompanied 
interfacial frictional force between tool and billet. 

be complex shapes in one piece with continuous fiber flow and smooth surface. 
Forging process could be the process which brings near net shape products with 
high productivity. Higher attention should be paid to not damaging aluminum 
forging products during and after the process. 


2 BASIC FORGING OPERATIONS 

Forward extrusion of rod [Fig. 4(a)], backward extrusion of can [Fig. 4(b)], simul- 
taneous extrusion of can and can [Fig. 4(c)], can and rod or rod and rod and 
die forging [Fig. 4(d)] are recognized as typical basic aluminum forging operations. 
Actual forging will be done as combinations of them. 


2.1 Forward Extrusion of Rod 

Forward extrusion of rod is carried out as follows; billet which is kept in container 
[Fig. 4(a) 4], is forced by punch [Fig. 4(a) 1] to squeeze out from die orifice to form 
thinner rod. Reduction in area r is defined as 

r = ((, d a 2 - d\ 2 )/d 2 ) x 100% (3) 
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Figure 4 Basic forging operations, 1. Punch, 2. Backup punch, 3. Counter punch, 4. Con- 
tainer, 5. Die, 6. Upper die, 7. Lower die. (a) Forward extrusion of rod; (b) Backward 
extrusion of can; (c) Simultaneous extrusion of double cans; (d) Die forging. 



| . di 

(a) (b) 

Figure 5 Dimensions of extruded products, do. Billet’s diameter, di. extruded rod’s 
diameter, d 2 . Extruding punch’s diameter, (a) Extruded rod; (b) Extruded can. 



Reduction in area can express the percentage magnitude of deformation of 
extrusion. 

Herewith d 0 and d\ denote diameters of billet and extruded rod [Fig. 5(a)]. A 
maximum peak of extruding force is observed at an early stage of punch displace- 
ment on the punch force versus displacement diagram [Fig. 6(a)]. After showing 
maximum peak of extruding force, it goes down gradually along with the punch 
displacement decreasing billet length and causing the decrease of frictional force 
between billet wall and container. Extruding pressure is affected by billet material, 
billet temperature, reduction in area, die angle 2 a, frictional force on billet surfaces, 
extruding speed etc. 


2.2 Backward Extrusion of Can 

Backward extrusion of can is carried out as extruded material goes backward 
through the gap between container [Fig. 4(b) 4] and punch [Fig. 4(b) 1] as the punch 
is coming down into the billet supported by a container and counterpunch [Fig. 4(b), 
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(a) (b) 

Figure 6 Punch or die force displacement diagram, (a) Extrusion of rod and can; (b) Die 
forging. 


2], Reduction in area r is defined as 

r = (d 2 2 /do 2 ) x 100%. (4) 

Herewith d Q and d 2 denote diameters of container and punch which coincide with the 
diameters of outer and inner diameters of can [Fig. 5(b)]. Punch force keeps rather 
flat in punch force and displacement diagram because increase of frictional force 
on a can’s wall is not so serious. However it will be almost impossible to supply 
additional lubricant on punch top surface during operation from outside, so it is 
difficult to manufacture deep cans because of a shortage of lubricant on the punch 
surface. It is important to protect the punch from sitting in an eccentric position 
or buckling to manufacture deep cans. To manufacture very thin wall can, where 
the reduction in area is large, or to manufacture very thick wall can, where the 
reduction in area is small, a higher punch pressure is needed. For medium reduction 
in area r = 40-60% approximately, punch pressure takes minimum. At the end 
of punch displacement, punch force will increase suddenly [Fig. 6(a)] where billet 
length becomes short. For forging very short billets or flat plates, higher force is 
needed to withstand frictional force. 


2.3 Simultaneous Extrusion 

Extrusion with plural die orifices is called simultaneous extrusion. Control of the 
length of extruded parts is made by a suitable selection of sequence or die design. 
For the extrusion with two orifices, if they are extremely different in reduction 
in area, one extrusion is done in advance and almost no extrusion is made from 
the other orifice. To get suitable metal flow, sometimes a counter punch is fitted 
at the end of the extruded part to stop partial excess metal flow. To divide a 
deformation process into two or three stages is another method of getting sound 
metal flow. In the case of their being similar in reduction in area, the extruded part’s 
length is adjustable by changing the die or punch design slightly. 
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2.4 Die Forging 

The process of filling up the die cavity, which is constructed with upper and lower 
dies and coincides with the shape of the product, is called die forging [Fig. 4(d)]. 
Die forces increase with the die displacement [Fig. 6(b)] slowly at the beginning 
where the die is not filled yet and severely at the end where most of the die cavity 
is filled up and some redundant metal will be hanging out of the die cavity. We have 
to stop the die movement before the die pressure exceeds its proof stress to prevent 
die breakage. Filling up the die cavity soundly with material, suitable selection 
of billet shape is important. Height /diameter ratio of cylindrical billet, trimming 
of corner edge, giving small recess or taper to the end surfaces of the billet, are 
effective factors to be considered on the billet. Die design will be made by selecting 
suitable values of roundness of die corner edge, length of die land, die orifice 
angle, etc. 


2.5 Alloys Used in Forging 

Metal flow of forging is due to the ductility of material used. Soft material causes low 
stress on the die. So, ductility and low flow stress are essential characteristics of 
forging material. Characteristics of the material are directly related to the individual 
material’s components, crystalline structure, temperature, strain, strain rate and so 
on. Table 1 shows characteristic mechanical properties at room temperature, a con- 
venient reference. In the case of cold forging, heat treatment of the billet is done 
before and during forging operation to arrange crystalline structure to increase 
or recover ductility. In the case of hot forging, billet is heated up during the forging 
operation to promise higher ductility and low flow stress of the material. 


2.6 Examples of Forged Products 

Cold forged products are shown in Figs 7-11. Hot forged products are shown in Figs 
12-16. Figure 7 is of a connector of a railroad car, cold forged by Miyamoto Industry 
Co. from A7001. Formerly it was cast. To get higher strength parts, manufacturing 
technology was changed from cast to forging. Figure 8 is the housing of a hammer, 
cold forged by Miyamoto Industry Co. from A7001. Figure 9 is a part of an air 
conditioner for a motor car, cold forged by Miyamoto Industry Co. from A3003. 
Formerly two pieces were welded. To get higher reliability part welding was ceased. 
Backward extrusion of deep hole requires knowledge of the shape of the punch. 
Figure 10 is the housing of a maker pen, cold forged by Miyamoto Industry Co. 
from A1070. Process explanation is given later. Figure 11 is a hub for a spindle 
motor, cold forged by Miyamoto Industry Co. from A6061. Precision forging is 
needed to get a machining allowance of less than 0.15 mm. There are frequent model 
changes. Process explanation is given later. Figure 12 is part of an air conditioner, 
hot forged by Nichidai Co. from Al-10% Si. Counter punch was fitted to the 
end of the extruded part to get the same length of extruded parts. Figure 13 is 
piston-like, hot forged experimentally by Kubota Co. Figure 14 is a wheel for a 
truck, hot forged by Kobe Steel Co. from A6061. Wheels are occasionally forged 
or cast. Figure 15 is an automotive suspension, hot forged by Kobe Steel Co. from 
A7075. To understand suitable blank shape and forging temperature, simulation 
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Figure 7 Connector (A7001) of railroad car forged by Miyamoto Industry Co. 



Figure 8 Housing (A7001) of hammer forged by Miyamoto Industry Co. 



Figure 9 Part of air conditioner (A3003) of motor car forged by Miyamoto Industry Co. 
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Figure 10 Housing (A1070) of maker pen forged by Miyamoto Industry Co. 



Figure 11 Hub (A6061) of spindle motor forged by Miyamoto Industry Co. 



Figure 12 Part of air conditioner (Al-10% Si) forged by Nichidai Co. 
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Figure 13 Piston (Al-12% Si) for motor car forged by Kubota. 



Figure 14 Wheel (A6061) for truck forged by Kobe Steel Co. 
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Figure 15 Automotive suspension part (A6000) forged by Kobe Steel Co. 



Figure 16 Part of aircraft (A7075) forged by Kobe Steel Co. 


analysis by FEM was made. Figure 16 is a part for an aircraft, hot forged by Kobe 
Steel Co. from A7075. Its mass and x, y, z dimensions are 2.0 kg and 566 mm, 
236 mm, 49 mm respectively. 


3 DESIGN 


3.1 Estimation of Forging Pressure 

The flow stress Y of the material is able to define as a flow stress p for friction free 
upsetting. Analyzed result by elementary slab method for upsetting pressure;; con- 
sidering frictional force acting on the end surface of the billet is 


P = 


Y 



( 5 ) 
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Herewith p, d and h denote Coulomb’s frictional coefficient, diameter of billet and 
height of the billet respectively. In some occasional cases, it is confirmed that 
p — 0.03-0.05 for well lubricated surfaces of cold forging products. It is easy to 
understand that in case of p — 0, p coincides with Y, then 

P=Y (6) 

In the case of upsetting of thin plate under the condition of p is not zero, as the ratio 
of d/h becomes larger, so higher pressure will be needed to cope with frictional force 
which comes from terms of p dl (3 h). Former equation can be rewritten in the form of 

p — cY (7) 

or 

p/Y = c (8) 

c is called constrain factor indicating how much forging pressure will be needed 
based of flow stress Y. c is determined by the product’s shape and is independent 
from characteristics of individual materials. 

Specific rod and can extruding pressure p/Y, analyzed by upper bound 
approach, are shown in Fig. 17 [3]. Solid and dotted lines correspond to specific 
pressure for forward extrusion of rod and backward extrusion of can respectively. 
Two lines are for frictional conditions of friction free and sticking. For a certain 
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Figure 17 Relations between theoretically analyzed specific extrusion pressure and 
reduction in area (From Ref. 3.) 
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lubrication condition, specific extrusion pressure will be read from the position on 
Fig. 17 between solid and dotted lines depending on lubrication condition on the 
reduction in area of horizontal axis of the figure. Actual forged products have com- 
plicated shapes as shown in Figs 7-16. Specific pressure for complicated shape pro- 
ducts, we have to calculate them individually. However it is possible to refer the 
results for similar shapes which are published in a great amount of technical reports 
and books [4-10]. 

After knowing the value of c, we have to estimate Y to be multiplied. For steady 
state motion problem of sheet drawing, R. Hill [11] had proven that if there is no 
frictional forces on die surfaces, the mean plastic work per unit volume is equal 
to the drawing stress;;. Now for a non-hardening material, obeying the Levy-Mises 
yield criterion, the work per unit volume is equal to Y f d e, where f d s is equivalent 
strain. We can therefore define a mean equivalent strain for sheet drawing equal to 
p/Y. Let us assume that this can be extend to the forging problems. Now it can 
be said that equivalent strain is equal to p/Y and pi Y is equal to c. Using flow stress 
and strain curve, say Fig. 2 for pure aluminum, mean flow stress Ym can be cal- 
culated as / 0 C The result of the multiplication c and Ym is theoretically estimated 
pressure;;. For any ductile materials, this method can be applied if we know indi- 
vidual flow stress-strain curves. For further study of non-steady state motion 
problems, equivalent strain is defined as [12]. 

b-h* 

hi 

and it was confirmed that this equation promises good estimation of equivalent 
strain [13]. 

3.2 Defects 

3.2.1 Underfill and OverLap of the Skin 

It is desirable to fill up the die cavity perfectly with material without underfill. But 
sometimes underfill is observed from the reasons of unsuitable billet shape, trapped 
air at die corner, excess lubricant on billet surface and so on. By choosing an appro- 
priate billet shape, underfill defect can be averted. Appropriate billet shape can 
be designed by trial and error. Recently computer simulations were applied to pre- 
dict appropriate billet shapes. If it is difficult to avert a defect by choosing appro- 
priate billet shape, we have to add one more forging operation. Fig. 18 is an 
example of velocity distribution during the forging operation of a hub spindle motor 
(Fig. 11) estimated by FEM programme. It is helpful to predict underfill or overlap 
of the material during deformation. 

3.2.2 Dead Metal and Skin Inclusion 

Sometimes some part of the material is apart from the major part of the material and 
is split in two, along with the process going on and left from deformation. The split 
part is called dead metal. Dead metal is observed, for example, in the die corners. 
Fig. 19(a), or concave place, Fig. 19(b). If die or punch displacement is not big, 
dead metal does not build up but skin inclusion is observed initiating dead metal. 
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Figure 18 Analyzed velocity distribution for forging of video drum. 


Dead metal and skin inclusion are initiated by too much velocity discontinuities in 
the deformation zone and less ductility of the material. Preparation of roundness 
on die corner edge or giving moderate change of die profiles are helpful to bring 
smaller value of velocity discontinuity, and consequently are effective methods 
to avoid dead metal or skin inclusion. 

3.2.3 Cracking 

If ductility of the material is not enough, cracking will occur at the place where large 
shearing or tensile stress is acting. Those stresses are initiated by velocity disconti- 
nuity during plastic metal flow and/or stresses suffered from outside. Criteria of 
cracking can be expressed as a function of strain and mean stress. Sometimes counter 
pressure is added to deformation region to prevent cracking by means of a higher 
mean stress. For example, in the case of rod extrusion [Fig. 4(a) and Fig 19(c)], 
internal compressive and tensile stresses are acting at the outer and central portions 
of the extruded rod. If impact extrusion is made, body force of the extruded part 
is pulling the deforming zone. As a result, tensile stress is increased at the central 
portion of the rod, and cracking is sometimes observed. The crack observed at 
the central portion of the rod is called a Cheveron crack [Fig. 19(c)]. We know some 
examples of preventing Cheveron cracks by reducing the extruding speed to reduce 
tensile stress on the central portion of the rod which was caused by body force. 
Heating up the material is effective to improve ductility. Annealing heat treatment 
before and during cold forging operations aims to increase ductility of the material. 
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3.2.4 Contraction 

It is natural to think that metal flow which occurs during forging operation must be 
the way of minimum energy dissipation rate. For this reason, at the end of forging 
operation, where billet length became short, some part of metal surfaces comes apart 
from the die surface and makes contractions where it has kept contact with die sur- 
face beforehand. Contraction [6,7] can be seen on the central portion of the billet 
end surface [Fig. 19(d)] for rod extrusion, on the comer of billet bottom [Fig. 19(e)] 
for backward extrusion of can, or the central wall surface of billet for combined 
extrusion of can and can [Fig. 19(f)]. The way of getting rid of contractions is 
to keep billet length long, to give a larger corner radius on the punch or die to allow 
a wider deformation zone, or to fit a counter punch to the end of the extruded parts 
to give pressure to restrict the natural energy minimum metal flow. 




(d) (e) ( f ) 

Figure 19 Forging defects, 1. Punch, 2. Backup punch, 3. Counter punch, 4. Container, 5. 
Die, D. Dead metal, S. Skin, C. Contraction, (a) Dead metal; (b) Skin inclusion; (c) Sheveron 
crack; (d), (e), (f) Contraction. 
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3.2.5 Grain Growth 

Grain growth is observed at the heat treated place of a certain amount of strain. 
Forged parts have a variety of strain, so the possibility of grain growth during heat 
treatment is high. Large grain is poor in mechanical properties. To get a fine anodic 
oxidation process, uniformly distributed small size grain of 30 fim in diameter is 
desirable. 

3.2.6 Orange Peel 

Too much lubricant causes orange peel appearance on the surface of the forged 
products and loses smooth and bright surface. 

3.3 Forging Temperature 

The temperature of the materials to be forged is determined by the shape and size of 
the products, ductility and strength of the materials etc. Generally speaking, hot 
forging is applied to brittle- or high-strength materials or complex shaped products. 
Recommended forging temperature is shown in Table 2. 

Sometimes the die is heated up during hot forging operations to get little drop 
in billet temperature when billet is mounted on the die. An approximate pre-heating 
temperature will be 80% of the billet’s temperature or 50°C lower than the billet 
temperature [14]. Ninety percent of the energy used for forging will dissipate as heat. 
The heat elevates the forged product’s temperature and sometimes the temperature 
of the forged product is higher than the billet’s temperature. On the other hand, 
billet temperature is decreased because of the heat sink from billet to die when billet 
is mounted on the die. Higher materials temperature brings low flow stress and more 
ductility, but initiates grain growth of the material. Lower material’s temperature 
brings little or no oxidation and precision dimension but brings higher flow stress 
and less ductility which initiates cracking of die and/or products. For some alloys, 
flow stress and ductility are very sensitive to the temperature. So, selection of forging 
temperature should be made carefully. Figure 20 shows the temperature distribution 
on A-A cross sectional area of automotive suspension parts, Fig. 15, to be produced 
by hot forging. To obtain precision data of flow stress for the material at high 


Table 2 Forging Temperature 


Materials 

Forging temperature (°C) 

1070 

315-405 

1100 

315-405 

2014 

420-460 

2017 

420-470 

2024 

420-470 

3003 

315-405 

5052 

425^170 

5056 

300-500 

6061 

300-500 

6063 

350-450 

7075 

350-450 
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Figure 20 Temperature distribution estimated by FEM for hot die forging of automotive 
suspension, Fig. 19. (From Ref. 15.) 


temperature and strain rate, upsetting test on press machine creating high strain rate 
was carried out. Using the results, the FEM analysis was done [15]. Checking ana- 
lytical results of temperature distribution, forging temperature was determined. 
Exactly speaking similarity law is not able to be true to the problem of three 
dimensional hot forging deformation problem. The temperature of a small blank 
changes very quickly. Different lubricants have to be selected by temperature. Warm 
forging between 150°C and 200° C is applied for the purpose of reducing viscosity of 
the lubricant to get smaller frictional resistance by warming up the lubricant. 


3.4 Application of Counter Punch 

Heat radiation part used on a personal computer, Fig. 21, bottom, is obtained by the 
forward extrusion accompanied by a counter punch. Counter punch is fitted against 
extruding rods and supported by a hydraulic cylinder of 300 kPa. Better product, 
Fig. 21 bottom, which have almost the same length of extruded rods compared 
to the product extruded without counter punch, Fig. 21 top. Product of Fig. 12 
was extruded with counter punch of 40-50 kN. Scatter of height of fin was less than 
0.5 mm. A product which extruded without a counter punch, has 20 mm difference 
in height of extruded fin. 
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Figure 21 Heat sink (A1070) forged by Miyamoto Industry Co. 


4 FORGING PROCESS 

In most cases, shape, dimensions and material of the product to be forged are deter- 
mined by the customer. Process design is done to forge it without defects. 


4.1 Backward Extrusion of Housing of Maker Pen 

A blank was pierced from thick sheet metal of pure aluminum A1050. The process is 
as follows: Piercing of blank -»• Lubricating -»• backward extrusion of tube at room 
temperature -> trimming and rolling of tube end -> degreasing -»• drying -> pre- 
-painting -»• drying -> painting drying -> over coating -> drying -> inspection 
-> finishing. 

Blank (Fig. 22, top) has a recess of 0.5 mm deep on one end surface and curved 
surface on the other end. Zinc stearate is used as a lubricant. Extruded product is 
shown in Fig. 22 bottom. To get exactly the same length of tube after trimming, 
the extruded tube must have the same temperature. Tool set up is shown in Fig. 
23. Punch 1 and die insert 3 are made from high speed tool steel M2= SKH51 
of hardness of 62 HRC and 58 HRC respectively. Container 4 is made from 
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Figure 22 Housing of maker pen. Top: Billet, Bottom: Drawing of housing. 


cemented carbide. The punch can be used 2 million times. Thickness of the tube 
bottom is 3.1mm. To forge a thinner bottom tube, less than 3.1mm, the die life 
was short. Five pieces of tube can be produced per minute. 


4.2 Cold Forging of Video Drum 

Aluminum alloy A2218 was selected as a material for a video drum, because of its 
high strength, good cutting property and good fitting characteristics with tape 
material. Cast aluminum bar is used as it is cheaper than rolled bar. Process is 
as follows: Cast bar -> peeling -» cutting -»• annealing (410°C x 1.5 hr, cooling 
until 260°C at the rate of 25°C/hr) -> lubricating, zinc stearate -> mass sorting 
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Figure 23 Tool set up for backward extrusion of maker pen housing (Fig. 22), Miyamoto 
Industry Co. 1. Punch, M2 = SKH51, 62 HRC; 2. Buck-up punch, H13 = SKD61, 53 HRC; 
3. Die insert, M2 = SKH51, 58 HRC; 4. Container, Cemented carbide; 5. Shrink ring, 
H13 = SKD61; 6. Stripper. 


-»■ piercing of hole of 13.5 mm diameter. Fig. 24 -* annealing -»• lubricating -» cold 
forging on knuckle joint type mechanical press -* heat treatment (T4:510°Cx 1.5 hr 
and T6:170°C x 8 hr minimum) -» cleaning. 

Pierced blanks (Fig. 24) are sorted by mass into five classes. Sorted blanks of 
70 ± 0.25 g are used as materials for Fig. 25. Tool set up is shown in Fig. 26. Punch 
1 and 2 and punch cover 3 are made from alloy tool H13 = SKD61 with hardness 
of 53 HRC. Die insert 4, ejector 6, and shrink rings 9 and 10 are made from alloy 
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Figure 24 Billet for video drum. 



Figure 25 Drawing of video drum. 


tool steel D2 = SKD11 with hardness of 55 HRC. Tool can be used about 50,000 
shots. 


4.3 Cold Forging of a Hub for a Personal Computer 

Figure 27 bottom is a drawing of a spindle motor hub for a personal computer to be 
forged. Forging process is as follows: Extruded bar -»• drawing -> cutting -»• 
annealing -> lubricating -* sorting by mass -> cold forging on crank press, capacity 
of 100 t -> piercing. Fig. 27 top -> annealing -> lubricating -> cold forging on 
knuckle joint press, capacity of 150 t -> heat treatment T6 -> cleaning. 

Material A201 1-0 is select as is high strength and cut easily. Blank is sorted by 
mass. Depending on hub size blank’s mass is between 12-15 g, but blank’s mass 
scatter is less than ±0.05 g. Tool set up is shown in Fig. 28. Punch 1 is made from 
alloy tool steel H11=SKD11. Die 4 and 5 is made from high speed tool steel 
M2 = SKFI51. Punch can be used 50,000 shot. Five thousand hubs were forged 
per month. To get near net shape forged product (Figure 27 bottom), it is important 
to get suitable pre-forged product’s shape (Fig. 27 top). Model is changed frequently, 
and each time, suitable pre-forged shapes have to be designed by experience or com- 
puter simulation as soon as possible. 
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Figure 26 Tool set up for die forging of video drum, Miyamoto Industry Co. 1. Punch, 
H13 = SKD61, 53 HRC; 2. Punch, H13 = SKD61, 53 HRC; 3. Punch cover, H13 = SKD61, 
SKD61, 53 HRC; 4. Die insert, D2 = SKD11, 55 HRC; 5. Die, H13 = SKD61, 50 HRC; 
6. Ejector, D2 = SKD11, 55 HRC; 7. Pressure pad, M2 = SKH51, 55 HRC; 8. Pressure pad, 
H13 = SKD61, 53 HRC; 9. Pressure pad cover, D2 = SKD11, 55 HRC; 10. Shrink ring, 
D2 = SK.D1 1, 55 HRC. 


5 PRESS 

Mechanical press, hydraulic press or special purpose press are used for aluminum 
forging. After selecting the type of press machine, then press capacity, length of 
ram stroke, and automatic operating methods are checked. Productivity is depen- 
dent on the number of ram strokes per minute. 


5.1 Mechanical Press 

Crank press is popular as a mechanical press. It has simple mechanism but has high 
productivity and is convenient for multipurpose usage. As mechanism is simple, 
machine trouble is infrequent and automatic operation is easy. Crank press is used 
for both cold and hot forging. Especially in the case of hot forging, shorter contact 
time between hot forging material and die is desirable to escape warmup of die 
temperature. To keep die temperature low is good for die material because the 
strength of die material is poor at elevated temperature. 
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Figure 27 Drawing of hub for personal computer. Top: Pre-forming; Bottom: Drawing for 
forging. 


5.2 Link Press 


Link press, Fig. 29, enables large force at the end of ram stroke, near bottom dead 
center, compared to a crank press. In the case of cold forging, it is said that pushing 
forging material time a little bit longer to the die at the end of the ram stroke is 
good to get near net shape product. If contact time is longer, the die profile will 
be copied to material better. Hub shown in Fig. 11 was forged on a link press 
at room temperature. 
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Figure 28 Tool set up for cold forging of hub of personal computer, Miyamoto Industry 
Co. 1. Punch, HI 1 = SKD6; 4,5. Die, M2 = SKH51; 6. Container, D2 = SKD11. 


5.3 Hydraulic Press 

Hydraulic press is large in capacity, long in ram stroke movement and easy in ram 
speed control. Hydraulic press is best to control die movements. 


5.4 Special Purpose Press Machine 

For mass production, such as the housing of a maker pen, Fig. 10, special purpose 
press machine is used to manufacture it automatically. 

Ductility of aluminum alloy is sensitive to strain rate sometimes, so a press that 
has easily changed speeds is recommended for aluminum forging. 


6 CONCLUSION 

A trial experimental engine piston-like product is shown in Fig. 13 made from 
Al-13% Si. Al-13% Si powder of 400 jxm diameter is produced by a spinning water 
atomization process. Powder is compacted to blank and sintered. Hot forging 
was done at 793K with graphite as a lubricant. The drum for a video is cold forged 
experimentally using an extruded rod of aluminium powder of Al-19.8% Si-2.0% 
Cu-0.9% Mg. Tensile strength, elongation and hardness of forged drum are 
402 MPa, 2.7% and 79.5 HRB respectively. 
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Figure 29 Link press produced by Komatsu Ltd. 


If precision forging technology makes it possible to manufacture higher 
strength aluminum alloys, the application of aluminum to automotive or other 
industries will be accelerated. 
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1 INTRODUCTION 

Metal forming includes a large number of manufacturing processes producing indus- 
trial and military components and consumer goods. In metal forming processes, the 
change in shape of the processed workpiece is not accompanied by an extensive 
amount of metal removal [29], Forming processes are frequently used together with 
other operations, (such as machining, grinding, and heat treating), in order to com- 
plete the transformation from raw material to finished parts. Forming as well as 
machining have been at the core of modern mass production because they primarily 
involve metal flow and do not depend on long term metallurgical rate processes [31]. 

In metal forming processes, an initially simple metal part — a billet or sheet 
blank — is formed by plastic deformation. Stress applied to plastically deform the 
metal is largely compressive in bulk forming and tensile /compressive in sheet 
forming, but shear stress is also applied in some processes such as blanking and 
shearing. 

Desirable properties for forming usually include low yield strength and high 
ductility. These properties are affected by temperature. When the work temperature 
is raised, ductility is increased and yield strength decreased. The effect of tempera- 
ture gives rise to distinctions between cold, warm, and hot working [15]. For 
example, the yield stress of a metal increases with increasing strain during cold 
forming. In hot forming, however, it increases when strain or deformation rate 
increases. Friction is another factor affecting performance in metal forming. 

Complex geometries can be obtained equally well by hot or cold forming. Of 
course, tool stresses and machine loads are relatively lower in hot forming than cold 
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forming due to lower yield strength of the deforming material at elevated 
temperatures. 

Forming processes are especially attractive in cases where: 

• the part geometry is not very complex and the production volumes are high, 
so that tooling costs per unit product can be kept low (e.g. automotive 
application); or 

• the part properties and metallurgical integrity are extremely important ( e.g. 
load carrying air craft and jet engine and turbine components) [4]. 

The design, analysis and optimization of forming processes require (a) engin- 
eering knowledge regarding metal flow, stresses and heat transfer as well as (b) tech- 
nological information related to lubrication, heating and cooling techniques, 
material handling, die design and forming equipment [4]. 


2 FORMING PROCESSES 

Bending (Fig. 1), which is the most common type of deformation, occurs in almost all 
forming operations. Bending can also be the principal operation, such as flanging 
(bending over a radius) or hemming (flattening the sheet to join two sheets of metal). 

Stretching (Fig. 2) is caused by tensile stresses in excess of the yield stress. These 
stresses typically produce biaxial strains in the plane of the sheet. 

Drawing (Fig. 3) is the operation where sheet metal undergoes elongation in 
one direction and compression in the perpendicular direction. Many forming oper- 
ations involve substantial drawing. 

Coining is the compression of the metal between two die surfaces to impart 
some feature. Though most often applied to sheet-like workpieces, coining is fun- 
damentally a bulk forming process because of the stress modes involved [13]. 




Figure 1 Bending and flanging of sheet metal. (From Ref. 27.) 
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Figure 2 A section of a stretch die for a dome shaped part (From Ref. 45.) 



Figure 3 Deep drawing tool for a simple axisymmetric cup. (From Ref. 27.) 


2.1 Bending 

Bending operations are among the most common in sheet forming. Bending may 
occur along a straight line or along a profile (Fig. 1). Material on the outer radius 
of the bend is subjected to tensile stresses while material at the inner surface of 
the bend radius is subject to compression. In most cases, friction plays a relatively 
small role in the bending process. 


2.2 Stretch Forming 

Figure 2 illustrates a stretch forming operation to produce a dome shaped part. The 
edges of the blank are securely clamped with a lockbead, preventing the material 
outside this region from being deformed. Both the width and length dimension 
of the metal are changed. This type of forming is known as biaxial stretching. 
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Stretch forming is a very common operation. The forming of automotive, 
appliance, and aircraft panels are typical applications. Usually, 3-10% strain is 
required to obtain the mechanical properties needed for proper stiffness. Like deep 
cup drawing, stretch forming involving severe deformation depends on good 
material properties, proper lubrication of the punch, and correct die design. To 
obtain the necessary amount of stretch to achieve desired part stiffness, it is import- 
ant to maintain adequate blank holder force to prevent metal slippage through 
the lockbead. 

Stretch forming process failure is characterized by excessive localized thinning 
or necking, often leading to fracture. In general, surface roughness of both the die 
and material should be minimized. Especially in the boundary and mixed film 
lubrication regimes, roughness may result in scoring part fracture. In operations 
involving severe deformation, where frictional forces contribute to localized 
thinning and failure, lubrication is quite important [27]. 

Plane strain stretching is a special case of stretch forming. Under plane strain 
forming, the material is only elongated in one axis; there is no minor strain. This 
is significant because, from the forming limit diagram, it is known that this rep- 
resents the condition under which failure occurs at the lowest forming depth. 


2.3 Deep Drawing 

Deep drawing is one of the most commonly used sheet metal forming operations 
(Fig. 3). It can be defined as a process in which a blank or workpiece, usually held 
by a blank holder, is forced into or through a die, by means of a punch. Hollow 
components are formed in which the thickness is essentially the same as that of 
the original material [27]. It differs from stretch forming in that the periphery of 
the blank is not fixed and is allowed to flow. 

The force necessary for a deep drawing process is applied to the cup bottom by 
means of a punch while the actual deformation forces occur in the flange of the cup. 
The force is then distributed as a stress in the sheet material formed over the punch 
radius. This causes high tensile stresses in the cup walls. Usually, the bottom corner 
of the cup is the most critical area where fracture may occur, because of low work 
hardening. Since material is allowed to flow into the deformation region, deep draw- 
ing is generally capable of forming deeper cups than possible with normal stretching 
operations. 

The basic components of a typical deep drawing tooling are shown in Fig. 3. 
The sheet metal blank with diameter d Q is placed over a die opening with a profile 
radius of r D . The blank is clamped by means of a blank holder. A punch with a 
diameter of d P and a profile radius r P moves downward and pushes the blank into 
the die cavity, thus forming the desired geometry of the workpiece. Cylindrical 
or prismatic cups, with or without a flange, can be produced with this process. 
The blank is forced into the die cavity against the restraining force generated either 
through a blank holder and/or by drawbeads. This restraining force controls the 
deformation (strain level and material draw in) in the entire blank [23]. The final 
shape can be any geometry varying from a simple axisymmetric cup to a very 
complex auto body panel. 

The force requirement of the punch for the drawing process is limited by failure 
of the material in the cup wall. As this limit is approached, the metal thins excessively 
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in a localized area, usually near the punch radius. Many complex interactions occur 
during the cup drawing process. Actual force required depends on the draw ratio 
(blank diameter to punch diameter ratio) and the flow stress of the material. 
The significant independent variables in deep drawing are [23,41]: 

• Material properties 

• Ratio of blank diameter to punch diameter 

• Shape and size of the blank 

• Clearance between the punch and the die 

• Punch and die corner radii 

• Friction and lubrication at the punch, die, and workpiece interfaces 

• Punch and blank holder velocities, and 

• Blank holder technology. 

2.4 Coining 

By definition, sheet metal forming operations aim to deform a flat workpiece in two 
dimensions without intentionally creating changes in thickness. While strains do, 
of course, occur in the thickness direction during the previously mentioned forming 
operations, they are not the objective of the process. Since the intention of coining 
is to deform the sheet in the thickness direction, coining is technically a bulk forming 
or forging operation. 

In coining, a punch and die contacts the workpiece on opposite sides and 
applies sufficient force to impart plastic deformation to the workpiece. A change 
in the thickness is effected, transferring the geometry of the tools to the workpiece. 
The name of the process is derived, of course, from its application to make coins. 
It is sometimes used in sheet metal stamping to emboss logos, or surface features. 
Also, in bending operations, the radius of the bend is sometimes coined to minimize 
springback. 


3 PRODUCT AND PROCESS DESIGN FOR ALUMINUM 
3.1 Product Design Considerations 

Care must be taken in the design of aluminum products especially if the product was 
historically designed using steel. One of the first considerations to be taken into 
account is the fact that aluminum has one third the Young’s modulus of steel. Thus 
the final product stiffness will be reduced unless the product design is 
accommodated. Two possibilities are to increase the ribbing used in the product 
and to increase the part thickness. The stiffness of the final product tends to increase 
in proportion to the square of the thickness. Also, ribs tend to increase stiffness in 
proportion to the increase in section moment of inertia. 

The reduction of Young’s modulus will also correlate into a proportional 
increase in the wrinkling, oil canning, and surface distortion tendency. Flange 
wrinkling can typically be controlled by the use of a blank holder, but wrinkling /oil 
canning /distortions in the product or addendum region can be difficult to control. 
Increasing material thickness can improve these issues, but the best method is to 
increase the geometry in the problem area by introducing features such as gainers, 
drawbars (see Fig. 42), ribs, or embosses. There will also be a proportional increase 
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in springback due to the reduction of Young’s modulus. This can be offset by 
overcrowning the die geometry or by increasing the stretch in the final part which 
will be discussed in the next section. 

Decreases in overall elongation and normal anisotropy are also typical in 
aluminum alloys. Bendability of aluminum may be an issue for many alloys as well. 
Part designers should be aware of minimum bend radii of the aluminum alloy to 
be used. If minimum bend radii are not available from the material supplier. Fig. 
4 may be used. Figure 4 is a graph of minimum bend radius versus tensile reduction 
of area. If the reduction of area from a tensile test is known, an approximate mini- 
mum radius to thickness ratio may be obtained from this graph. If minimum bend 
radii are not obeyed in the part design then cracking may be observed in the final 
part as shown in Fig. 5. Hemming is also associated with bendability. If the material 



Figure 4 Minimum bend radius to thickness ratio versus tensile reduction of area. 



Figure 5 Cracking due to violation of minimum bend radius. 
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Figure 6 Alternative hem designs for aluminum. 


cannot be bent to a zero radius then the hem design must reflect this. Figure 6 illus- 
trates alternative hem designs for cases when flat hems cannot be used. 

The reduction of formability of aluminum must also be taken into consider- 
ation for the drawing and stretching of deep recesses. A corresponding decrease 
in the depth of the recess may be needed to accommodate the formability of the 
aluminum. 

3.2 Die and Process Design Considerations 

Die and process design must be also carefully considered in order to deal with the 
formability window of aluminum. Table 1 list the recommended values for punch 
and die radii for aluminum and steel. To ensure good product quality, the process 
must be optimized to ensure at least 2% minimum stretch throughout the part. This 
minimum value of strain is confirmed by Figs. 7 and 8. Figure 7 shows that at strains 
less that 2%, springback is greatly increased. Likewise, Fig. 8 shows that 2% strain is 
required to ensure good dent resistance properties. Both graphs show that 
springback and dent resistance levels off at around 2% stretch. 

The decrease in formability of aluminum can also be offset through the use of 
advanced die and process design and though the use of advanced technology. 
The clever use of advanced addendum design has been used successfully to widen 
the formability margins so that complicated geometries may be formed from alumi- 
num [9]. The addendum is defined as the portion of the die between the die radius 
and the trim line. The most typical addendum feature is the drawwall which is used 
to connect the binder surface to the part geometry. Other addendum features include 
the use of gainers and drawbars. The downside to increasing the addendum regions is 
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Table 1 Recommended Die and Punch Radii 


Material 

Reference 

Die, rd 

Punch, r p 

Aluminum 

[5] 

(4-6) t 

(4-10) t 

Aluminum 

[27] 

(5-1 0)t 

(8-10) t 

Steel 

[6] 

10 t 

5 t 

Aluminum 

[6] 

(-) 

(4 to 8) t 


E 



Equivalant Strain at the Center of Part 


Figure 7 Effect of strain versus springback. (From Ref. 53.) 



Pre-strain 


-■*- 1 const 
— ■— t var 


Figure 8 Effect of strain versus dent resistance. (From Ref. 49.) 
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that addendum is typically engineered scrap and thus this method tends to increase 
scrap realized per part. 

The use of advanced technologies such as blank holder force control, 
hydroforming, and warm forming may also be use to increase the formability 
window of aluminum alloys. The cost associated with this solution is the capital 
investment of the presses and equipment needed to use these process. A description 
of the processes can be found in Secs 6. 1-6.3. 


4 VARIABLES OF THE FORMING PROCESS 

The physical phenomena describing a forming operation are difficult to express 
quantitatively. For a given material, shape, and structure the surface 
transformations occurring in the plastic deformation zone are controlled by the 
equipment, tooling, and workpiece/tool interface. The metal flow, the friction at 
the tool/material interface, and the relationship between process conditions are dif- 
ficult to predict and analyze. Therefore, thorough knowledge of complex interactions 
between the process components and the workpiece material is important for effec- 
tive process design. The relationship between major process components and key 
technologies which enable the correct design and operation of sheet metal forming 
processes illustrates the hierarchical structure of the flow of knowledge from key 
technologies to unit processes through the five major process components. 

Often, in producing discrete parts, several forming operations (e.g. preforming) 
are required to transform the initial “simple” geometry into a “complex” geometry, 
without causing material failure and degradation of material properties. Con- 
sequently, one of the most significant objectives of any method of analysis is to assist 
the forming engineer in the design of optimal forming sequence. For a given 
operation, such design essentially consists of the following steps: 

(a) predicting metal flow by establishing the geometric relationships such as 
shape, velocities, strain rates, and strains, between the deformed and 
undeformed part; 

(b) establishing the formability limits, i.e. determining whether it is possible to 
form the part without failure such as fracture and wrinkling; 

(c) selecting the equipment and tooling designs based on the prediction of the 
forces necessary to perform the forming operation. 

For the understanding and design of sheet metal forming operations, it is useful 
to consider these processes as a system and classify them in a systematic way [4]. 

4.1 Sheet Metal Forming as a System 

A sheet metal forming system is composed of all the input variables such as the blank 
(geometry and material), the tooling (geometry and material), the conditions at the 
tool/material interface, the mechanics of plastic deformation, the equipment used, 
the characteristic of the final product and finally the plant environment where 
the process is being conducted [4], The application of the system approach to sheet 
metal forming, for example, is illustrated in Fig. 9 as applied to deep drawing. 

The “systems approach” in sheet metal forming allows study of the 
input /output relationships and the effects of process variables on product quality 
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Figure 9 Sheet forming as a system. 

and process economics. To obtain the desired shape and properties in the product, 
the metal flow should be well understood and controlled. The direction of flow, 
the magnitude of deformation, and the temperature involved greatly influence 
the properties of formed products. Process variables affecting the metal flow are 
given in Table 2 [4]. Also, the effect of variables on such product quality issues 
as fracture tendency, wrinkling tendency, and springback are shown in Table 3. 

4.2 Material Characterization 

In analyzing, simulating, and optimizing a sheet metal forming process for a given 
material, the most important variables are the initial conditions (e.g. composition, 
temperature, history, and prestrain), the flow stress of the deforming material under 
various strain and strain rates, the workability in various directions (i.e. anisotropy), 
and the surface conditions. Reliable estimation of tool stresses and the equipment 
loading, as well as prediction of metal flow and elimination of forming defects 
depend on the accurate determination of the flow properties of the starting material 
[15]. 

The constitutive equations [Eq. (1)] for sheet materials are usually determined 
based on load versus elongation data obtained from tensile tests. For a given 
microstructure and material flow direction, the flow stress, a, is expressed as a func- 
tion of strain, e; strain rate, e; and temperature, T\ 

a=f(e,i,T) (1) 

4.3 Tooling and Equipment 

Design and manufacturing of tooling are essential factors in determining the per- 
formance of deformation processes. The key to successful deformation processing 
is tool design which has been based, to a very large extent, on experience. Original 
multi-function tool designs are developed for near net shaping of complex parts. 
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Table 2 Significant Variables in a Deformation Process 


Sheet material and blank 

• Flow stress as a function of strain, strain 
rate, temperature and microstructure 
(constitutive equation) 

• Formability as a function of strain, strain 
rate, temperature and microstructure 
(forming limit curves) 

• Surface texture 

• Thermal /physical properties (density, 
melting point, specific heat, thermal 
conductivity and expansions, resistance to 
corrosion and oxidation) 

• Initial conditions (composition, 
temperature, history /prestrain) 

• Plastic anisotropy 

• Blank size, location, and thickness 

Equipment used 

• Speed /production rate 

• Force /energy capabilities 

• Rigidity and accuracy Tooling 

Tooling 

• Geometry of tools 

• Binder forces 

• Surface conditions 

• Material/heat treatment/hardness 

• Temperature 


Condition at tool /material interface 

• Lubricant type and temperature 

• Insulation and cooling characteristics of 
the interface layer 

• Lubricity and frictional shear stress 

• Characteristics related to lubricant 
application and removal 

Deformation Zone 

• Deformation mechanics and model used 
for analysis 

• Metal flow, velocities, strain (Kinematic), 
strain rate 

• Stresses (variation during deformation) 

• Temperatures (heat generation and 
transfer) 

Product 

• Geometry 

• Dimensional accuracy /tolerances 

• Surface finish 

• Microstructure, metallurgical and 
mechanical properties 

Environment 

• Available man power 

• Air, noise and wastewater pollution 

• Plant and production facilities and control 


Source: Ref. 4. 


Table 3 Effect of Process Parameters on Product Quality 



Input 

Fracture 

Tendency 

Wrinkling 

Springback 

Blank Holder Force (BHF) 

IT 

Tr 

TT 

TT 

Blank Size 

TT 

TT 

TT 

JJ- 

Sheet/Binder Friction (n s /b) 

Tr 

Tr 

TT 

TT 

Sheet /Punch Friction (/x s /b) 

IT 

TT 

-U- 

? 

Thickness Homogeneity (At) 

TT 

tr 

fr 

Tr 

Nominal Thickness (t) 

Tr 

? 

TT 

TT 

Normal Anisotrophy (?) 

IT 

TT 

TT 

TT 

Planar Anisotropy (A r) 

IT 

Tf 

TT 

TT 

Strength Coefficient (K) 

IT 

? 

? 

Tr 

Strain Hardening Exponent (n) 

IT 

TT 

? 

? 
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To design and fabricate process tooling, computer aided engineering and computer 
aided manufacturing are used [15]. 

The productivity and reliability of equipment used for deformation processes 
are also very important factors, in determining the practical application of a given 
process. The stroke rates of the forming presses determine the production rate. 
Therefore, they are continuously increasing. The use of sensors for process 
monitoring and control continues to increase as well because it improves and main- 
tains part quality. 

Variations in tooling performance are caused by changes in setup and from 
continuous wear through normal usage. Sensors can also be used to continuously 
monitor the condition of the tooling, improving part quality as well as the pro- 
duction rates. This is achieved by greatly reducing unscheduled breakdowns of 
expensive production equipment and increasing the tool life [15]. 

The selection of a machine for a given process is influenced by the time, accu- 
racy and load/energy characteristic of that machine. Optimum equipment selection 
requires consideration of the entire forming system, including lot size, conditions 
at the plant, environmental effects and maintenance requirements, as well as the 
requirements of the specific part and process under consideration. 

The tooling variables include (a) design and geometry; (b) surface finish; (c) 
stiffness; and (d) mechanical and thermal properties under processing conditions [4]. 


4.4 Friction and Lubrication at the Tool/Workpiece Interface 

Knowledge of friction and heat transfer at the tool /material interface should be 
expressed quantitatively in order to develop an adequate design for the process. 
The mehanics of interface friction are very complex. One way expressing friction 
quantitatively is through a friction coefficient, /(, or a friction shear factor, m. Thus 
the frictional shear stress, r, is 

T = (2) 

or 

t — ma/V3 (3) 

where A n or;; is the normal stress or pressure at the interface, a is the flow stress of 
deforming material and /is the friction factor {f—m/ \/3). For small values of 
pressure, which is usually the case in sheet forming, friction force increases with 
increasing pressure. In this case, friction conditions are best characterized by 
Coulomb’s law [Eq. (2)]. With increasing pressure, friction force can not increase 
indefinitely. It approaches a finite value for very high pressures. At this time, sticking 
friction conditions occur when: 

fip > k (4) 

where k is shear strength of the material, equal to 2 d/y/4, according to Von Mises 
criterion of plastic flow. This condition occurs often in bulk forming operations 
where p » k. At this high pressure, since there is no relative motion between tool 
and the workpiece at the interface, the coefficient of friction, p, becomes 
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meaningless. In this case, the friction factor, m, [Eq. (3)] is used to model friction 
conditions. 

Recent studies in forming mechanics indicate that Eq. (3) represents the 
frictional shear stress in metal forming adequately and offers advantages in eval- 
uating friction and in performing stress and load calculations. There are various 
methods of evaluating friction, i.e. estimating the value of /< or m. Tests most com- 
monly used are the stretch-draw tests for sheet metal forming [4]. 


4.5 Deformation Zone and Mechanics of Deformation 

When material is deformed plastically, metal flow is influenced mainly by (a) tool 
geometry; (b) friction conditions; (c) characteristics of input material; and (d) 
thermal conditions existing in the deformation zone [4]. Detailed understanding 
of metal flow enables the prediction of the quality and properties of the formed 
product and the force and energy requirement of the process. This leads to high 
quality products with minimum trial and error by optimizing the tool design 
and process conditions. The mechanics of deformation (i.e. the metal flow, strains, 
strain rates, and stresses), can be investigated using appropriate methods of analysis 
such as finite element, finite difference, slab method or upper bound [4]. 


4.6 Product Geometry and Properties 

The two main characteristics of a deformed product are its geometry (e.g. 
dimensions, tolerances, thickness distribution and surface finish) and its mechanical 
properties. As in all manufactured parts, the design of the deformed part — that 
is the consideration of ease of deformation process during the design 
stage — determines the magnitude of the effort necessary for process and tool 
development. For example geometric features that satisfy various functional 
requirements such as stiffness and strength could be evaluated regarding their 
formability. 

Product geometry and its mechanical properties are influenced by process 
variables. For example the process conditions (temperature, strain, and strain rate) 
has an effect on final product properties by determining the microstructural 
variations taking place during deformation. Therefore, the relationship between 
mechanical properties and microstructure of the final product and the quantitative 
effect of process conditions and heat treatment schedules on microstructural 
variations must be considered in a realistic systems approach [4]. 


4.7 Safety and Environmental Factors 

Safety and environmental effects are important matters in forming process. The 
importance of safety increases with increasing machine speeds and forces. Adverse 
environmental effects of lubrication, cooling and heating fluids, noise, smoke 
and waste material must be considered in process development, and efforts should 
be made to minimize or eliminate adverse environmental effects [31]. 
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5 MATERIAL PROPERTIES AND FRICTION IN STAMPING 
5.1 Effect of Material Properties 

Material can be the most influential part of the sheet metal forming. Specifically, the 
properties of the material, such as flow stress and anisotropy, can determine the 
quality of the part and its forming limits. A typical stress-strain curve determines 
the stress versus strain relationship of a sheet material. The standard curve is created 
from a simple tensile test. Figure 10 (top) gives the flow stress curve for a typical 
sheet material while Fig. 10 (bottom) gives the flow stress curves for 61 1 1 aluminum 
and various steels. 




Zero Rolling Direction Comparison of Materials 



Figure 10 Material properties obtained from the tensile tests. 
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5.2.1 Strain Hardening 

The strain hardening exponent plays a very crucial role in sheet metal forming. The 
strain hardening exponent is also referred to as the 77 -value. It is the exponent in 
the equation a=Ks n , which approximates the relationship between stress and strain 
in the plastic region. The 77 -value can be measured by calculating the slope of 
the log true stress/log true strain curve. 

In a tensile test, the 77-value is numerically equivalent to true uniform strain 
[50]. Therefore, the larger the 77-value the more elongation can occur before necking. 
Thus the 77-value is a measure of a material’s resistance to necking. For this reason, 
77- value is a good measure of the stretchability of a material [50]. During stretching, 
a material with a large 77-value will have a more uniform strain pattern than a 
material with a low 77-value. Lower 77-valued materials will localize strains and 
fracture earlier than higher 77-valued materials. Hecker has shown that limiting 
depths of hemispherical cup tests can be related to 77-value [18]. 

The 77-value also has an effect on the uniformity of strain in a material with 
nonuniformly distributed thickness. Hosford and Caddell has shown that in a 
dimensionally inhomogeneous specimen, 77-value plays a significant role in dis- 
tributing the strains. The relationship of 77-value and drawability is ambiguous. 
A higher 77-value strengthens the cup wall, but it also strengthens the flange so more 
force is needed to deform it. Higher 77- values improves drawing indirectly by increas- 
ing cup wall strength which allows higher blank holder forces to be used. Therefore, 
the 77-value can be correlated to decreased wrinkling in drawing [46]. 


5.2.2 Anisotropy 

Plastic anisotropy is a crucial factor in sheet forming. Plastic anisotropy is the con- 
cept that materials have preferred strain directions. Roll forged materials, such 
as sheet, exhibit this phenomenon due to the packing of grains in the thickness direc- 
tion and the elongation of grains in the rolling direction. The r-value is a measure of 
plastic anisotropy in sheet materials and is defined as the ratio of width strain to 
thickness strain. 


^width 

r = 

^thickness 


(5) 


The r-value also varies as a function of the angle from the rolling direction. For 
the sake of simplification, an average or normal plastic anisotropy, r avg , is defined: 


r a vg — 


7- 0 + 2r 45 + r 90 

4 


( 6 ) 


where r 45 is the r-value at 45° from the rolling direction, etc. The planar variation of 
the r-value is distinctly seen in a drawn cup. The top of the wall will form “ears” as 
shown in Fig. 11. Essentially the material elongates and thins more along the ears. 
The planar plastic anisotropy, Ar, is a measure of earing tendency and is defined 
as follows. 


Ar = 


r 0 - 2r 45 + r 90 
2 


(7) 
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Figure 11 Earing in cup drawing. (From Ref. 21.) 



Figure 12 The r-values in a sheet material. (From Ref. 50.) 


Figure 12 pictorially depicts the various r-value measurements and Table 4 
provides r avg and A r values for several aluminum alloys and other selected sheet 
materials. 

The average plastic anisotropy, r avg , is a good measure of the drawability of a 
material. In cup drawing the majority of the deformation occurs in the flange of 
the cup. Higher r avg values not only increases planar flow in the flange, but it 
decreases thinning in the cup wall and delays the onset of necking. Therefore, higher 
r avg increases the depth of draw [38]. 

Under certain assumptions, the limiting draw ratio or LDR can be analytically 
related to the r avg value. The LDR is defined as the maximum blank to punch diam- 
eter that can be successfully cup drawn in one operation. The equation to calculate 
LDR is [21]: 


In (LDR) = ^ 1} (8) 

where rj represents an efficiency factor which varies with lubrication, blank holder 
force, material thickness, and die radius. Typical >/ values range from 0.74 to 0.79 
[ 21 ]- 

Planar plastic anisotropy, Ar, has a minor but important effect on drawability. 
The higher the Ar the more earing occurs. Earing typically must be trimmed, 
therefore, an increase in Ar increases trimming and decreases the total depth of draw 
[21]. The r-value also affects wrinkling behavior. In general, high r avg and low Ar 
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values decrease the amount of wrinkling in the flange of straight walled cups and the 
walls of tapered cups [46]. It has been shown that the r-value has very little effect on 
the stretchability of a material [8], 

Since the r-value varies in the plane of the sheet, blank orientation becomes an 
important factor in sheet forming. For example, in rectangular drawing rectangular 
blanks are typically used. Rectangular blanks are typically blanked side by side along 
a coil of steel to reduce scrap. For steel, this orients the low r-value directions (45° 
from rolling direction) in the corners of the rectangular shell. In rectangular forming, 
the critical forming regions occur in the corners of the shell which resemble cup 
drawing. Since high r-values increase cup drawing it is desirable to orient the high 
r-value directions (0° and 90° from rolling direction) along the corners of the shell. 
Rectangular blanks that are cut at 45° from the rolling direction orient the high 
r-value directions along the corners of the rectangular shell and thus improve 
the depth of draw [19]. 

5.2 Effect of Friction and Lubrication 

Friction is a critical parameter of almost every manufacturing process. It appears 
everywhere, where two components are in contact directly or with an intermediate 
medium under exterior load. In contrast to material parameters such as tensile 
and compressive strengthening, friction is a result of a cooperation of all friction 
partners of a process. Hence, this can only be described as a value within an exactly 
defined tribological system. Generally, this system consists of a soil material, counter 
material, intermediate material and a surrounding medium with an exterior load. 
Therefore, it is necessary to consider not only the material properties, but also 
the load. This is especially the case for processes with nonuniform behavior. In these 
cases, the tribological conditions do not change only from location to location, but 
also during the process. 

The interface between the sheet and the tooling is very important in the forming 
process. Friction forces resist the movement or flow of the material. Traction forces 
occur from the interaction of lubrication, contact force, and surface topography. 
Sliding contact from drawing can cause pressure welding of the sheet onto the die. 
Extreme pressure welding can cause the blank holder force to increase in an 
nonuniform fashion, causing fracture. Another way that friction influences the sys- 
tem is by preventing stretching of the sheet which contacts the punch. Some stretching 
on the top of the punch should occur to avoid elastic recovery of the material. 

The variables which affect friction are many. Effects on friction can be 
observed as a function of: 

• sliding distance /velocity 

• normal force /pressure 

• workpiece /tool material (hardness, surface finish, composition) 

• lubricant (viscosity, composition) [13,22]. 

5.3 Evaluation of Formability and Friction 

5.3.1 Formability 

There are formability problems typically associated with each forming operation. 
Depending on the specific operation, different defects may occur. The major prob- 
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lems in sheet metal forming operations are fracturing, buckling and wrinkling, shape 
distortion, and undesirable surface textures. Selected defects are briefly explained 
below: 

Fracturing (Fig. 13): occurs when a sheet metal blank is subjected forces that 
exceed the failure limits of the material under the given conditions. 

Buckling and wrinkling (Fig. 13): In a typical stamping operation, the punch 
contacts the blank, stretches it, and starts to pull it through the blank holder 
ring. The edges of the sheet are pulled into the regions with progressively 
smaller perimeters. This is the reason for the compressive stresses in the 
circumferential direction. Buckling occurs when these stresses reach a critical 
level, characteristic of the material and its thickness. If the blank holder press- 
ure is not sufficient, buckling may form waves known as wrinkles. 

Shape distortion occurs when the residual stresses on the outer surfaces are 
different from those on the inner surfaces. When these stresses are not com- 
pensated by the geometry of the part, relaxation will cause a change in the 
part shape known as shape distortion. 

Stretcher Strain Markings (Fig. 14): Under certain conditions during the 
stretching or other forming operations of some metals, especially 
aluminum-magnesium alloys and some low carbon steels, visible localized 
yielding, called stretcher strain markings, occur. They are extremely 
undesirable because of their negative influence on the surface quality of the 


B tank holder Pressure 



Figure 13 Forming defects associated with stretching and drawing. (Dieter, 1984) 
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parts. This highly visible phenomenon can not usually be concealed by 
painting. Therefore, these sheets cannot, for example, be used as outer auto 
body panels. 

Two types of stretcher strains are observed. The first is called Type A ludering and is 
evidenced by irregular striations on the surface of the sheet (Fig. 14(a)). The tensile 
test of a Type A ludering shows that discontinuous stretching of the material is 
observed at the yield point [Fig. 14(b)], Type B ludering consists of regular striations 
on the surface [Fig. 14(c)] and discontinuous stretching in the plastic region of a 
tensile test [Fig. 14(d)]. 

Orange Peel (Fig. 15) is another surface defect associated with forming. 
Orange peel consists of a rough surface appearance typically caused by the 
variation of flow stress properties of the various grains contained in the 
material. The most convenient way to reduce orange peel is to decrease the 
grain size of the material [21]. 

It is important to recognize and understand which defects are associated with a given 
process and their effects on the finished workpiece. Not all failures are purely 
functional. Some defects, such as stretcher strains, may not affect the functionality 
of the part but may make the part unusable due to aesthetic considerations. 

In order to test formability, we must first define it. Since most tests are only able 
to apply a limited variety of forming conditions to a specimen, the test is typically 
only able to measure formability under those conditions. This being the case, 
for practical application it is desirable to choose a test that best represents the critical 
region of forming in the stamping application. In general, formability tests may be 
categorized into one of several groups: 

Standardized Tests : Typically a laboratory setup aimed at repeatably creating 
or identifying a specific stress state. Often the test procedure has been well 
established, widely accepted, and formalized with specific guidelines including 
parameters such as sample size. 

Cup Tests : Though often standardized, the cup tests and their variants rep- 
resent the majority of available formability tests, in part because they represent 
practical forming conditions. 

Simulative Tests'. These tests are typically used to evaluate formability charac- 
teristics in some specific forming case. The test is usually not standardized, and 
often has a limited applicability. 

Specialty Tests'. These tests are designed to test some aspect of formability for a 
specific process or application. 

5.3.2 Standardized Tests: Tensile Tests 

Because of their simplicity and broad applicability to forming processes, uniaxial 
tensile tests are probably the most commonly used sheet metal formability tests [44]. 
A specimen which has accurately parallel sides over the gage length is used in the 
tests (Fig. 16). The specimen is locked at each end, and stretched until it fractures. 
The tensile test procedures are described in ASTM E 646. The loads and the exten- 
sion are measured by means of a load cell and extensometer. 

The results which can be obtained directly from tensile tests are as follows: 
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Figure 15 Orange peel. (From Ref. 21.) 


Gage length 
L 0 *= 50.8 mm 
l (2.0 in.) | 

H — 



it 1.^.^.^ 

-J . ^ i 


m 1 2.7 mm 
(0.50 in.) 

Figure 16 

Tensile test specimen. 


e engineering stress a e (load /original cross section) 
e engineering strain e (elongation /original length) 
e true stress er (load /instantaneous cross section) 
e true strain, e (natural logarithm of strained length /original length). 

From these values, the following parameters are calculated: 

• 77 -value [strain hardening exponent in a = K(l + e 0 )"]: The slope of a graph 
of the logarithm of the true stress versus logarithm of the true strain in 
the region of uniform elongation. 

• Young’s modulus: The initial slope of the stress-strain curve in the elastic 
region. 

• 0.2% Offset Yield strength: The stress at which the stress-strain curve 
deviates in elongation from the initial slope by 0.2%. 

• Ultimate tensile strength: The maximum engineering stress that the speci- 
men can withstand. 
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• lvalue: The strength coefficient which is the true stress at a true strain of 
unity. 

• r- value: The ratio of the width strain to thickness strain in the plastic region. 

In addition to the above properties, by measuring the width of the specimen during 
the test by means of extensometers, the plastic strain ratio, r, can also be determined 
[7]. The mechanical properties of the materials tend to assume a directionality during 
production. That is why determining the anisotropy value is often important when 
material properties are being investigated. 

5.3.3 Biaxial Stretch Tests 

In the hydraulic bulge test (Fig. 17), in order to deform the sheet metal sample which 
is clamped between circular or elliptical die rings, hydraulic pressure is applied on 
one side. During the test the edge of the sample is prevented from slipping by a 
lockbead placed in the die rings. The stresses and strains in the center region 
can be determined from the curvature and extension of the formed specimen 
and the pressure of the fluid. The extension and the curvature are measured by means 
of a spherometer and an extensometer that are in direct contact with the dome. 

5.3.4 Bending Tests 

A variety of bending tests are available for use in evaluating materials. ASTM 
specifies some general guidelines for bending tests, but the exact method by which 
the bending must be applied is not regulated, (ASTM E290-92). A vise and insert 
setup for testing bend specimens is shown in Fig. 18. 

5.3.5 Friction Testing 

The friction in the tooling /workpiece interface affects the forming limits of sheet 
metal processes as significantly as the material properties and other process 
variables. In efforts to model friction phenomena correctly, several tests have been 
developed. The two most popular friction tests developed for sheet metal 
applications are the Nine drawbead test (Fig. 19) and the Duncan punch friction 
test (Fig. 20). Many researchers have used these test designs and tooling con- 
figurations for the basis of investigation on the effect of friction in sheet forming. 
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Figure 18 ASTM bend test. 


In Nine’s drawbead test, a strip of material is pulled through a set of rollers 
which force the strip to bend with and without friction (rollers are either free to 
roll or not. Fig. 19). The pulling loads are measured and used to estimate the friction 
condition in bending under tension conditions. In Duncan’s test configuration, a 
strip of material is bent into a u-shape then stretched using rollers with or without 
friction (again, the rollers are either free to roll or locked. Fig. 20) The deformations 
loads are measured and used to calculate the friction under bending and stretching. 
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Figure 19 Nine’s drawbead friction tester. (From Ref. 46.) 



Figure 20 Duncan’s friction test set. (From Ref. 12.) 


6 ADVANCED TECHNIQUES TO IMPROVE FORMABILITY OF ALUMINUM 
ALLOYS 

6.1 Blank Holder Force Control 

Blank holder force (BHF) is used to suppress wrinkling and to control material flow 
in deep drawing processes. Two problems arise in the conventional application of 
blank holder force. First, a constant blank holder force is typically applied 
throughout the forming stroke even though the drawing ratio decreases as the flange 
is drawn in as shown in Fig. 21. 

Second, a uniform blank holder force pattern is typically applied to the blank 
even though this may not be the optimal pattern. Compressive forces in the flange 
not only restrain material flow, but cause the material to thicken. The thickened 
areas are subject to high blank holder force (BHF) concentrations during the draw- 
ing process which further restrains material flow as shown in Fig. 22. To improve 
the effect of blank holder force, individually controlled nitrogen or hydraulic 


Marcel Dekker, Inc. 
270 Madison Avenue, New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 



862 


Thomas et al. 



Figure 21 Reduction of draw ratio during the drawing process. 



Figure 22 Predicted pressure concentrations on a rectangular pan due to thickening. 


cylinders are used to apply the blank holder force. This method is demonstrated in 
the schematic shown in Fig. 23. Material flow can be locally controlled with this 
method throughout the stroke of the press [1]. 

How is Time Variable BHF Typically Applied? 

In double action mechanical presses, BHF is applied with a position setting of the 
outer ram. Typically the BHF is not even known unless a loadcell is installed. 
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Figure 23 Blank holder force control using hydraulic cylinders in a rectangular tool. 


The BHF tends to vary with the action of the mechanical linkage. In air or nitrogen 
cushions, the BHF typically increases with ram stroke due to the compression of 
the gas. In a hydraulic cushion, the BHF is typically constant throughout the 
ram stroke. Each of these BHF profiles are not desirable as was shown previously. 

How Is Location Variable BHF Typically Applied? 

Experienced tryout personnel grind the die surface or shim the tooling sections or 
cushion pins to vary the local BHF. Using a system, such as the one shown in Fig. 
23, can clearly improve the application of BHF when compared to grinding and 
shimming. 

Blank Holder Force Control Strategies 

There have been many proposals and investigations on how to vary the BHF as a 
function of press stroke and position around the binder. A reasonable time varying 
BHF control strategy which has been shown to improve on constant BHF is to vary 
the BHF from the fracture limit to wrinkling limit of the BHF as shown in Fig. 
24(b). Another empirical method for location variable BHF which improves on 
the uniform BHF is to distribute the BHF in proportion to the length to width ratio 
of the die cavity as shown in Fig. 24(d). 

6.2 Warm Forming 

Warm forming by definition is the forming of material at a temperature between cold 
forming and hot forming. Typically hot forming is exhibited by temperatures just 
below the melting temperature of the material while cold forming is conducted 
at room temperature. Warm forming requires less energy, insulation, technology 
and logistics than hot forming and thus is an attractive process for difficult to form 
parts. 

By increasing the temperature of the aluminum sheet material, many advan- 
tages in terms of formability can be obtained. As shown in Fig. 25, the flow stress 
of the material tends to decrease as temperature increases. Thus forming loads tend 
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Figure 24 BHF control strategies. 


to decrease. Further investigations have shown that increasing material tempera- 
tures tends to increase strain rate hardening, decrease ludering, and increase the 
forming limit curve [20]. This increase of material formability can be useful for deep 
recesses or complicated geometries. Warm forming requires an investment in 
equipment. An oven is needed to heat the incoming material and heater cores must 
be implemented into the tooling as shown in Fig. 26. Insulation must also be used 
to maintain die temperature efficiently. 


6.3 Hydroforming 

The formability of a material may also be increased using hydroforming. A 
schematic of the hydroforming process is shown in Fig. 27. The cost of the tooling 
is greatly reduced since only one die half is needed. The replacement of tool contact 
with fluid contact improves the process by decreasing friction on the material. 
The material thus deforms more uniformly and greater levels of deformation 
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Figure 25 Effect of material temperature and strain rate on flow stress. 



Figure 26 Warm forming tooling. (From Ref. 17.) 



Figure 27 Hydroforming process. (From Ref. 4.) 
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Figure 28 Strain distribution for hydroforming and deep drawing. (From Ref. 36.) 



Figure 29 Fracture geometry for (left) deep drawing and (right) hydroforming. (From 
Ref. 51.) 


may be achieved before failure. Figure 28 illustrates the difference in strain distri- 
bution for hydroforming versus deep drawing and Fig. 29 shows the differences 
in failure. 

Another promising hydroforming technology is active hydroforming. This pro- 
cess is laid out in Fig. 30. Essentially, the blank is clamped, preformed and then 
formed. The preforming stage provide a uniform high strain to be placed on the 
sheet thereby improving such part characteristics as stiffness and dent resistance. 


6.4 Application of Computer Simulations in Part and Process Design 

The use of finite element analysis (FEA) in practice has increased in favour 
throughout the 1990s. Nevertheless, complete implementation of FEA has not been 
achieved. Simulation has been shown to not only predicted process conditions accu- 
rately in the laboratory (see Sec. 7.1) but on the shop floor as well (see Sec. 7.2). 

The most common use of FE simulation in industry is to estimate the 
formability of the process and to determine the most optimal process conditions. 
The elimination of splitting and wrinkling via BF1F and drawbeads is not the only 
possible use. The prediction of gravity /binder wrap conditions, impact line 
movement, surface distortions, trimming /piercing, springback, optimal blank 
shape, and BHF trajectory/pattern may also be achieved. 
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Figure 30 Active hydroforming. (From Ref. 37.) 


Further, FE simulation may be used to estimate the manufacturability of prod- 
uct designs. A proposed outline of the design process for stampings using computer 
simulations is shown in Fig. 31. In this figure, the part design phase does not 
end after computer aided design. The initial product design is immediately simulated 
on the computer to estimate formability, feedback loop is introduced in case redesign 
is required. The optimization of part designs using FE simulation will save time later 
in the process. Without the use of FE simulation during the part design phase, the die 
and process design phase may be fraught with the task of developing a good process 
from a bad part design. 


7 APPLICATIONS 
7.1 Deep Drawing 

In order to investigate BHF control, a rectangular cavity tooling was designed at the 
Engineering Research Center for Net Shape Manufacturing (ERC/NSM) in 
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Figure 31 Proposed design process for stampings using FE simulation. 

Columbus, Ohio. A schematic of the design is shown in Fig. 32, and a solid model is 
shown in Fig. 23. Some features of the tooling are listed in Table 5. The tooling has 
multiple punches including flat, singly curved, and two leveled (oil pan). The binder 
includes four locations for insertable drawbeads of three different heights. 

Laboratory experiments were conducted with the rectangular tooling and the 
flat punch to investigate BHF control. A 160 ton hydraulic Minster press was used 
to impart the forming force and eight nitrogen cylinders were used to impart the 
BHF. The process parameters are shown in Table 6. The material and blank 
geometries are shown in Fig. 33. Two BHF patterns were studied: uniform and 
nonuniform. These patterns are shown in Fig. 34. Essentially, the uniform BHF 
pattern consists of each nitrogen cylinder imparting 5.2 ton (41.6 ton total). The 
nonuniform pattern consists of the corner cylinders set to 4.4 ton each and the side 
cylinders set to 6.0 ton each. 

The reasoning behind the nonuniform BHF pattern has to do with the material 
flow pattern shown in Fig. 22. Typically the corners do not draw in and fracture 
occurs in the wall near the corners. The sides tend to draw greatly which may cause 
shape problems or even structural integrity problems such as oil canning (elastic 
instability). Thus, the nonuniform pattern reduces the BHF in the comers to increase 
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Figure 32 Rectangular cavity tooling design. 
Table 5 Rectangular Cavity Tooling 

Die Cavity 

12" x 15" Rectangle 
(304.8 x 381 mm) 

Punch Nose Radius 

0.394" (10 mm) 

Die Lip Radius 

0.394" (10 mm) 

Punch Comer Rad. 

2" (50.8 mm) 

Punch/Die Clear. 

0.076" (1.9 mm) 

Table 6 Process Parameters for BHF Control Experiments 


Two Blank Holder 
Force Patterns 

1. Uniform BHF pattern (41.6 t) 

2. Nonuniform BHF pattern (41.6 1) 

Four Blank Types 

1. Rectangular Aluminum (0.040"x20"x23") 

2. Oval Aluminum (0.040"x 19.25"x22.25") 

3. Rectangular AKDQ steel (0.030"x20"x23") 

4. Chamfered AKDQ steel (0.030"x20"x23" 
with 2.25" chamfer) 

Two Draw Depths 

1. 2" Draw (50.8 mm) 

2. 3.5" Draw (88.9 mm) 

Punch Speed 

3.5 in /sec (90 mm /sec) 


drawability and increases the BHF in the sides to improve part quality. The results of 
the experiments are shown in Fig. 35. These pictures show each material and blank 
geometry drawn under both BFIF patterns. Fracture depths were increased up to 
25% using this BFIF control technique without any reduction of part quality. 
Wrinkling measurements were used to estimate part quality. 

A finite element method (FEM ) model of the rectangular tool was developed to 
investigate BHF control. In this model, the punch and die were discretized with rigid 
shell elements and the sheet was meshed with elastic-plastic shells. The blank holder 
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Figure 33 Blank shapes. 



Figure 34 Experimental BHF patterns. 
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a) Rectangular aluminum - uniform BHF | h) Rectangular aluminum - nonuniform BHF 


c) Oval aluminum - uniform BHF | d) Oval aluminum - nonuniform BHF | 


Figure 35 Effect of location variable BHF control on rectangular pan drawing. 


was meshed with elastic brick elements so that the effects of nonuniform BHF 
patterns could be included. The meshed FEM model is shown in Fig. 36. In Fig. 
37, the pressure patterns caused by the contact between the nitrogen cylinders 
and blank holder can be seen for both BHF patterns. This model can be used to 
find the optimal spatial BHF patterns and time trajectories. 

Comparisons were made between experiments and simulations. Figure 38 
shows comparisons between punch force measurements and predictions. A 
coefficient of friction of 0.075 was shown to give the best comparison (5% maximum 
error). Figure 39 shows strain comparisons made along the diagonal section shown. 
Good agreement was found for the same coefficient of friction (5% maximum 
error). 


7.2 Stamping of Automotive Panels 

This section will discuss the results of a rear deck lid simulation Two materials were 
simulated and forming in soft tool tryouts, 1004 AKDQ steel and 6111-T4 
aluminum. The material properties are listed in Table 7. The process conditions used 
in the simulations are listed in Table 8. The panel geometry was symmetrical, so only 
half of the tooling was simulated. 

The geometry for a rear deck lid draw die was obtained in IGES format and 
imported into I-DEAS, so that it could be cleaned up and meshed. A coarse mesh 
was initially defined, so that adaptive mesh refinement could later be used in regions 
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Figure 36 FEM model of the rectangular tool with elastic blank holder. 



Uniform BHF 


I Nonuniform BHF 

Figure 37 Simulated BHF patterns. 
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Press Stroke (in ches) 

Experiment ' Simulati on Qi-0.09) Simulatio n (/.i - 0.07 5) Simulation (/r-0 .06) | 


Figure 38 Punch force comparisons. 


A B C D 



"^Experiment Simulation 



Figure 39 Strain comparisons. 
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Table 7 Material Properties 



1004 AKDQ Steel 

61 1 1-T4 Aluminum 

Young's Modulus 

200 GPa 

70 GPa 


(29.0 x 10 6 psi) 

(10.2 x 10 6 psi) 

Poisson’s Ratio 

0.300 

0.300 

Strength Coefficient 

0.5365 GPa 

0.533 GPa 


(77812 psi) 

(77302 psi) 

Strain Hardening Exponent 

0.227 

0.238 

Prestrain 

0.00442 

0.0010 

Normal Anisotropy 

1.62 

0.59 

Thickness 

0.75 mm 

1 mm 


(0.030") 

(0.039") 


Table 8 Process Conditions 


Blank Holder Force 

110 tons (100 metric tons) 

Contact Model 

Coulomb Friction (>u = 0.1) 

Forming Depth 

5.9" (150mm) 

Punch Velocity 

15 mm/ms 


of sharp geometry. The meshed surfaces of the die, binder, sheet, and trim line were 
imported into Pam-Stamp’s preprocessor module. The punch surface was created 
by offsetting the die surface by a sheet thickness. The opposing binder surface 
was similarly created. 

The first step in the forming process was binder wrap. This was simulated by 
orienting the sheet between the binder surfaces and closing the binders together using 
a velocity boundary condition. This process formed the initial blank shape shown in 
Fig. 40(a) into the binder wrap sheet shape shown in Fig. 40(b). The second step was 
to simulate the stretch-draw operation. The appropriate binder force was applied 
and the punch was assigned a velocity boundary condition. A typical drawbead 
restraining force was then applied and the result are shown in Fig. 41 for both 
materials. Severe wrinkling occurred in the product area for the aluminum blank 
due to loose material in the die. The steel blank does not exhibit the severe wrinkling 
but still exhibits less than 1% strain in the same region indicating a similar loose 
material condition. These predictions were also observed during the soft tool tryouts. 
The loose material issue was resolved using a drawbar in the addendum region as 
shown in Fig. 42. 

The maximum and minimum thinning in both materials are indicated in Table 
9. These numbers show aluminum’s tendency to thin and thicken more than steel 
in this process presumably due to lower normal anisotropy values which increases 
the tendency to strain in the thickness direction. Both materials exhibit thinning 
in excess of 24% indicating potential failure. The maximum thinning area occurred 
in the license plate depression as shown in Fig. 43. The drawbead restraining force 
in this area was reduced to feed material into this high strain region. Eighty 
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a) 



b) 

Figure 40 (a) Blank and (b) binder wrap sheet shapes. 



Figure 41 Prediction of wrinkling and loose material. 
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Figure 42 Using a drawbar to eliminate loose material. 


Table 9 Thinning and Thickening for Aluminum and 
Steel Panels 



Thinning 

Thickening 

AKDQ Steel 

24% 

7% 

6 1 1 1 -T4 Aluminum 

27% 

13% 



Figure 43 Prediction of splitting and material flow. 
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Maximum 

Springback 

Location 
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Displacement magn 
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0366 
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2.93 
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Figure 44 Prediction of trimming and springback. 


ERC/NSM Draw Bead Calculator 

Cak. Mode: GEOMETRY | Bead: RECTANGULAR [ Restrain Force: 15.250 kN 

Groove Radius: 4.419mm 

Bead Radius: 4.419 mm 

Bead Clearance: 2. (XX) mm 

Bead Depth: 10.000 mm 

Groove Width: 15.000 mm 

Sheet Width: 100.000 mm 

Sheet Thickness: 1 .000 mm 

Friction Cocffic ient : 0. 1 00 

Strain Hardening Exponent (n): 0.200 

Strain Rate Exponent (m): 0 .001 

Normal Anisotropy (r): 1.500 

Test Strain Rate: 0.007 mm/sec 

Strength Coefficient (K): 500.000 MPa 

Elastic Modulus: 200000, MPa 

Yield Strength: 250.000 MPa 

Punch Speed: 100,000 mm/sec 

» Use ESC key to exit the table « 

Specified Force: 15.250 


Calculated Force: 15.250 


Calculated Radius: 4.355 


Iteration Count: 5 


Hit ENTER to continue 



Figure 45 Prediction of drawbead geometry. 


millimeters of material flow was required to relieve this splitting condition as pre- 
dicted by the simulation. During soft tool tryouts, 70 mm of metal flow was required 
indicating good correlation between predictions and observations. 

Pam-stamp was then used to trim the excess material from the flange. The 
springback was then calculated and a contour plot of the springback displacement 
is shown in Fig. 44. The maximum springback was predicted to be 3.7 mm inboard 
along the edge below the license plate depressions. The soft tool tryouts indicated 
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that the location was correct and that the deflection was 4.5 mm, again confirming 
predictions. Once the process was optimized, the predicted drawbead restraining 
forces were used to predict drawbead geometry using analytical equations as shown 
in Fig. 45. 
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1 INTRODUCTION 

Aluminum in pure form is a relatively soft and ductile metal with a density of 

approximately 0.096 lb-in 1 * 3 of volume as compared to the density of steel at approxi- 
mately 0.281 lb-in 3 or water at 0.035 lb-in 3 . Pure aluminum melts at 1220°F con- 
siderably lower than the melting point of most other structural materials. It is 
an excellent conductor of heat and electricity. It is highly resistant to corrosion once 
an initial layer of aluminum oxide has formed on its surface. The surface coating of 
aluminum oxide is extremely thin and tightly adheres to the surface of the aluminum. 
Aluminum oxide is very hard, transparent, and prevents further oxidation of the base 
metal. A freshly produced aluminum surface reacts instantly with oxygen in the air, 
protecting the surface from attacks from other agents and from any further 
corrosion. Pure aluminum has relatively low strength but high ductility. Its modulus 
of elasticity is approximately 10,000,000 psi compared to 30,000,000 psi for steel. 
Thus for a given size and shape under comparable loading, aluminum will elastically 
deform three times more than steel and will absorb three times more energy. Alumi- 
num can be strengthened by strain hardening or cold working; however, alloying 
aluminum with other elements provides much greater strengthening. Even further 
strengthening is achieved by aluminum with heat treatment. 
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2 ALLOY DESIGNATION SYSTEMS 

The principal alloying additions to aluminum are copper, manganese, silicon, 
magnesium and zinc. Other elements are also added in smaller amounts for grain 
refinement and to develop special properties. Since there is a variety of aluminum 
alloys, special designation systems were developed by the Aluminum Association 
to distinguish the alloys in a meaningful manner and, further, to indicate what 
metallurgical condition, or temper, has been imparted to the alloy. 

Aluminum and its alloys are divided into two classes according to how they are 
formed: wrought and cast. The wrought category is indeed a broad one, since 
virtually every known process can form aluminum. Wrought forms include sheet 
and plate, foil, extrusions, bar and rod, wire, forgings and impacts, drawn and 
extruded tubing, and others. Cast alloys are those specially formulated to flow into 
sand or permanent mold, to be die cast, or to be cast by any other process where 
the casting is the final form. 

Each wrought or cast aluminum alloy is designated by a number to distinguish 
it as a wrought or cast alloy and to broadly describe the alloy. A wrought alloy is 
given a four-digit number. The first digit classifies the alloy series or principal allo- 
ying modification in the basic element. The second digit, if different than 0 (zero), 
denotes a modification in the basic alloy. The third and fourth digits form an arbi- 
trary number that identifies the specific alloy in the series. A cast alloy is assigned 
a three-digit number followed by a decimal. Here again the first digit signifies 
the alloy series or principal addition; the second and third digits identify the specific 
alloy; the decimal indicates whether the alloy composition is for final casting (.0) 
or for ingot (.1 or .2). A capital letter prefix (A, B, C, etc.) indicates a modification 
of the basic alloy. The designation systems for aluminum wrought and cast alloys 
are shown in Table 1 and Table 2, respectively. 


2.1 Temper Designation System 

Specification of an aluminum alloy is not complete without designating the 
metallurgical condition, or temper, of the alloy. A temper designation system, 
unique for aluminum alloys, was developed by the Aluminum Association and is 
used for all wrought and cast alloys. The temper designation follows the alloy des- 


Table 1 Wrought Alloy Designation System 


Alloy Series 

Description or Major Alloying Element 

lxxx 

99.00 Minimum Aluminum 

2xxx 

Copper 

3xxx 

Manganese 

4xxx 

Silicon 

5xxx 

Magnesium 

6xxx 

Magnesium and Silicon 

7xxx 

Zinc 

8xxx 

Other Element 

9xxx 

Unused Series 
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Table 2 Cast Alloy Designation System 


Alloy Series 

Description or Major Alloying Element 

lxx.x 

99.00 Minimum Aluminum 

2xx.x 

Copper 

3xx.x 

Silicon plus Copper and/or Magnesium 

4xx.x 

Silicon 

5xx.x 

Magnesium 

6xx.x 

Unused Series 

7xx.x 

Zinc 

8xx.x 

Tin 

9xx.x 

Other Element 


Table 3 Basic Temper Designations 

“F” As Fabricated : Applies to products of forming processes in which no special control 

over thermal or work hardening conditions is employed. Mechanical property limits 
are not assigned to wrought alloys in this temper, but are assigned to cast alloys 
in “as cast,” F temper. 

“O” Annealed : Applies to wrought products that have been heated to effect re-crystal- 
lization, produce the lowest strength condition, and cast products that are annealed 
to improve ductility and dimensional stability. 

"FI” Strain-Hardened : Applies to wrought products that are strengthened by strain hard- 

ening through cold working. The strain hardening may be followed by supplementary 
thermal treatment, which produces some reduction in strength. The FI is always fol- 
lowed by two or more digits (see Table 4). 

“W” Solution Heat-Treated: Applies to an unstable temper applicable only to alloys that 
spontaneously age at room temperature after solution heat-treatment. This designa- 
tion is specific only when the period of natural aging is specified. For example, 
W i hour solution heat treatment involves heating the alloy to approximately 
1000°F to bring the alloying elements into solid solution, followed by rapid quenching 
to maintain a supersaturated solution to room temperature. 

“T” Thermally Treated : Applies to products that are heat-treated, sometimes with sup- 
plementary strain-hardening, to produce a stable temper other than F or O. The 
T is always followed by one or more digits (see Table 5). 


ignation, the two being separated by a hyphen. Basic temper designations consist of 
letters as shown in Tables 4 and 5. Subdivisions, where required, are indicated 
by one or more digits following the letter. The basic tempers are shown in Table 3. 

Wrought alloys are divided into two categories. Non- heat-treatable alloys are 
those that derive strength from solid solution or dispersion hardening and are further 
strengthened by strain hardening. They include the 1XXX, 3XXX, 4XXX, and 
5XXX series alloys. Fleat-treatable alloys are strengthened by solution heat treat- 
ment and controlled aging, and include the 2XXX, some 4XXX, 6XXX, and 7XXX 
series alloys. 

Casting alloys cannot be worked-hardened and are either used in the as-cast or 
heat-treated conditions. Typical mechanical properties for commonly used casting 
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Table 4 Subdivisions of the H Temper 

First digit indicates basic operations: 

HI Strain-hardened only 
H2 Strain-hardened and partially annealed 
H3 Strain-hardened and stabilized 


Second digit indicates degree of strain hardening: 


HX2 Quarter-hard 
HX4 Half-hard 
HX8 Full-hard 
HX9 Extra-hard 

Third digit indicates variation of two-digit temper. 


Table 5 Subdivisions of the T Temper 

First digit indicates sequence of treatments: 

T1 Naturally aged after cooling from an elevated temperature shaping process 
T2 Cold worked after cooling from an elevated temperature shaping process and then 
naturally aged 

T3 Solution heat-treated, cold worked and naturally aged 

T4 Solution heat-treated and naturally aged 

T5 Artificially aged after cooling from an elevated temperature shaping process 

T6 Solution heat-treated and artificially aged 

T7 Solution heat-treated and stabilized (over-aged) 

T8 Solution heat-treated, cold worked, and artificially aged 
T9 Solution heat-treated, artificially aged, and cold worked 

T10 Cold worked after cooling from an elevated temperature shaping process and then 
artificially aged 


Second digit indicates variation in basic treatment: 

Examples: T42 or T62 Heat-treated to temper by user 

Additional digits indicate stress relief: 

Examples: TX51 - Stress relieved by stretching 

TX52 - Stress relieved by compressing 

TX54 - Stress relieved by stretching and compressing 


alloys range from 20-50 ksi for ultimate tensile strength, from 15-40 ksi tensile yield 
and up to 20% elongation. 

Heat-treatable aluminum alloys will naturally age at room temperature 
following quenching and will be strengthened by precipitation hardening. Natural 
aging following quenching from a high-temperature forming process, for example 
casting or extruding, is designated Tl. More commonly, natural aging follows sol- 
ution heat-treatment (T4). Artificial aging is accomplished by heating the product 
to a temperature of roughly 400F for several hours (time and temperature depend 
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on the alloy) to accelerate the precipitation process and to further increase the 
strengthening effect. Here again, artificial aging may follow quenching from a 
high-temperature forming process (T5) or more commonly following solution 
heat-treatment (T6). The T7 temper indicates over-aging from a T6 temper of maxi- 
mum strength to improve characteristics such as resistance to corrosion. The other T 
tempers indicate that strain hardening has been employed either to supplement the 
strengths achieved by precipitation or to increase the response to precipitation 
hardening. 


2.2 Effects of Alloy Additions 

Table 6 shows the maximum solid solubility of the principal alloying additions in 
aluminum and the temperature of maximum solubility. These values are for binary 
systems, and the presence of other elements in the alloy will usually affect the 
solubility. Additions greater than maximum solubility are often made, especially 
in the case of silicon, and this results in the presence of element particles in the solid 
alloy. 

Copper is one of the most important additions to aluminum. It has appreciable 
solubility and a substantial strengthening effect through the age-hardening charac- 
teristics it imparts to aluminum. Many alloys contain copper either as the major 
addition (2XXX or 2xx.x series), or as an additional alloying element, in concen- 
trations of 1-10%. 

Manganese has limited solid solubility in aluminum, but in concentrations of 
about 1% forms an important series of non-heat-treatable wrought aluminum alloys 
(3XXX series). It is employed widely as a supplementary addition in both 
heat-treatable and non-heat-treatable alloys and provides substantial strengthening. 

Silicon lowers the melting point and increases the fluidity of aluminum. A 
moderate increase in strength is also provided by silicon additions. 

Magnesium provides substantial strengthening and improvement of the 
work-hardening characteristics of aluminum. It has a relatively high solubility in 
solid aluminum, but Al-Mg alloys containing less than 7% Mg do not show appreci- 
able heat-treatment characteristics. Magnesium is also added in combination with 
other elements, notably copper and zinc, for even greater improvements in strength. 


Table 6 Maximum Solid Solubility of Principal Alloying Additions in 
Aluminum 


Addition 

Maximum Solubility 


Weight 

Percent 

Atomic 

Percent 

Temp °F 

Cu 

5.6 

2.5 

1018 

Mg 

14.9 

16.3 

842 

Mn 

1.8 

0.9 

1217 

Si 

1.6 

1.6 

1071 

Zn 

82.8 

66.4 

720 

Mg 2 Si 

1.8 

1.9 

1103 

MgZn 2 

16.9 

9.6 

887 
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Zinc is employed in casting alloys and in conjunction with magnesium in wrought 
alloys to produce heat-treatable alloys having the highest strength among aluminum 
alloys. 

Magnesium provides substantial strengthening and improvement of the 
work-hardening characteristics of aluminum. It has a relatively high solubility in 
solid aluminum, but Al-Mg alloys containing less than 7% Mg do not show appreci- 
able heat-treatment characteristics. Magnesium is also added in combination with 
other elements, notably copper and zinc, for even greater improvements in strength. 

Copper and silicon are used together in the commonly used 3xx.x series casting 
alloys. Desirable ranges of characteristics and properties are obtained in both 
heat-treatable and non-heat-treatable alloys. 

Magnesium and silicon are added in appropriate proportions to form Mg 2 Si, 
which is a basis for age hardening in both wrought and casting alloys. 

Tin improves the anti-friction characteristic of aluminum, and cast Al-Sn 
alloys are used for bearings. 

Lithium is added to some alloys in concentrations approaching 3 wt% to 
decrease density and increase the elastic modulus. 

Copper and silicon are used together in the commonly used 3xx.x series casting 
alloys. Desirable ranges of characteristics and properties are obtained in both 
heat-treatable and non-heat-treatable alloys. 

Magnesium and silicon are added in appropriate proportions to form Mg 2 Si, 
which is a basis for age-hardening in both wrought and casting alloys. 

There are also miscellaneous additions to aluminum wrought and cast alloys. 
Tin improves the anti-friction characteristic of aluminum, and cast Al-Sn alloys 
are used for bearings. Lithium is added to some alloys in concentrations approaching 
3 wt% to decrease density and increase the elastic modulus. 


3 HEAT TREATMENT 

Heat-treatable aluminum alloys are currently experiencing a significant rise in 
demand due to the increasing application in aerospace and automotive applications. 
Throughput considerations combined with the necessity for quality require the 
thermal treatment to be very accurate thermally with the most effective heat-up rate 
possible. 

Thermal heat treatments include the following: 

• Homogenization 

• Annealing 

• Solution Heat Treatment 

• Quenching 

• Natural Aging 

• Precipitation Hardening (Aging) 

3.1 Preheating and Homogenization 

Preheat is used to heat aluminum logs or billets prior to extrusion or forging and 
involves heating the aluminum to an intermediate uniform temperature. Some 
applications will tolerate direct flame on the logs or billets in order to expedite 
the rate of temperature heat-up. Other applications require the aluminum surface 
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temperature to be tightly controlled in order to avoid surface melting, which may 
cause tearing of or die sticking during the extrusion process. Generally, preheat 
applications require the fastest rate of temperature rise consistent with the allowable 
surface condition of the aluminum. 

Reheat is used to heat aluminum slabs prior to rolling. Slabs are generally 
arranged horizontally with space between individual slabs. Air is directed 
horizontally across all aluminum surfaces and the aluminum slabs are removed 
one at a time before rolling. As the slabs are progressively reduced in thickness 
by the sequential rolling, several reheat applications are required. 

Homogenization involves the heating of billets or logs following casting to an 
elevated temperature at which the alloys form a homogenous solution within the 
aluminum. Homogenization requires a very long period of thermal soak, generally 
the 15-20 hour range, in order to allow the alloys to effectively homogenize. 
Following homogenization, the billets or logs are cooled and formed through rolling 
or extrusion. 


3.2 Annealing 

Annealing involves heating the aluminum alloy to an intermediate temperature in 
order to soften the metal between forming operations in order to soften the alumi- 
num alloy caused by work hardening. Sheet, wire, and coils are annealed several 
times as intermediate steps following rolling and forming. 

Annealing is a thermal heat treatment above the recrystallization temperature. 
Because of this, the temperature is dependent on the amount of prior strain in the 
material. In general, in commercial practice, the annealing temperature used is 
the lowest temperature that yields the softest state in the minimum amount of time. 

Non-heat treatable wrought alloys are heated to temperature very quickly to 
avoid grain growth. It is desired to produce a fine grain size. The rate of cooling 
from the annealing temperature is unimportant. 

For heat treatable wrought alloys, two situations occur. The first situation is 
where the hardness of the material is primarily from the working or forming 
operation. In this case, the material is annealed at a lower temperature of approxi- 
mately 650°F, and cooled in any convenient manner. 

The second situation is where the hardness of the material is primarily from 
prior heat treatments, or hot work. In this case, it is necessary to anneal at a higher 
temperature, approximately 775F. General practice is to anneal at 775°F for 2-3 
hours, then slow cool at approximately 50F/hour to 450F or lower, then cool in 
any convenient manner. For 7XXX alloys, a two step annealing practice is preferred. 
The first step consists of 2-3 hours at 775°F, followed by a slow cool at 50F/hour to 
450F. The temperature is held at 450°F for 4 hours, then cooled in any convenient 
manner to room temperature. To achieve proper control of the resulting annealed 
properties, it is best to resort to trial and error. 

For cast aluminum alloys, they are generally annealed at 650°F for 3-4 hours, 
then slow cooled at approximately 50° F/ hour. Annealing of cast alloys does not 
significantly change the mechanical properties. Generally, a slight decrease in tensile 
properties and a slight increase in elongation is observed. However, the primary 
purpose of annealing cast alloys is to relieve the casting residual stresses. Annealing 
of cast alloys is done to improve dimensional stability. 
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Table 7 General Annealing Conditions for Wrought and Cast Aluminum and Aluminum 
Alloys 


Alloy 

Annealing 
Temperature, °F 

Time at 
Temperature 

Alloy 

Annealing 
Temperature, °F 

Time at 
Temperature 

1060 

650 

/I 

5083 

650 

/I 

1100 

650 

/I 

5086 

650 

/I 

1350 

650 

/I 

5154 

650 

/I 

2014 

760 /2 

2-3 

5254 

650 

/I 

2017 

760 n 

2-3 

5454 

650 

/I 

2024 

760 /2 

2-3 

5456 

650 

/I 

2036 

725 /2 

2-3 

5457 

650 

/I 

2117 

760 /2 

2-3 

5652 

650 

/I 

2219 

76760 /2 

2-3 

6005 

760 /2 

2-3 

3003 

775 

/I 

6053 

760 /2 

2-3 

3004 

650 

/I 

6061 

760 /2 

2-3 

3105 

650 

/I 

6063 

760 /2 

2-3 

5005 

650 

/I 

6066 

760 /2 

2-3 

5050 

650 

/I 

7001 

760 / 3 

2-3 

5052 

650 

/I 

7075 

760 /3 

2-3 

5056 

650 

/I 

7178 

760 /3 

2-3 

A140 

600 

3-4 

142 

650 

3-4 

214 

600 

2-3 

319 

650 

3-4 

364 

650 

4-5 

356 

600 

3-4 


/I Time at temperature should not be any longer than to get the center of the furnace load up to temperature. 
Rate of cooling from the annealing temperature is not important. 

/ 2 This annealing practice removes the effect of prior solution heat treatment. Material must be cooled at 
50°F per hour from the annealing temperature to 500°F. Subsequent cooling rate is not important. 

/3 This is a two stage annealing practice that removes the effect of prior solution heat treatment. This is 
accomplished by air cooling from the annealing temperature to 400°F or less. The second stage requires 
heating the material to 450°F for 4 hours and cooling to room temperature in any convenient manner. 


For alclad materials, shorter annealing times are necessary. This decreases the 
amount of diffusion of alloying elements into the aluminum cladding. If diffusion 
of alloying elements occurs, the corrosion protection of the aluminum cladding will 
be diminished. 

Typical annealing practices for wrought and cast alloys is shown in Table 7. 


3.3 Solution Heat Treatment 

Solution heat treatment involves heating the aluminum and alloys to a temperature 
slightly below the eutectic melting temperature. Solution heat treatment develops 
the maximum amount of solute into solid solution. This requires heating the material 
close to near the eutectic temperature and holding the material at temperature long 
enough to allow close to complete solid solution. After solution heat treatment, 
the material is quenched to maintain the solute in supersaturated solid solution. 
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Table 8 Comparison of Solution Heat Treatment Temperature Range 
and Initial Eutectic Melting Temperature for Selected 2XXX Alloys 


Alloy 

Solution Heat 
Treatment 
Temperature 
Range, °C 

Initial 

Eutectic Melting 
Temperature, °C 

2014 

496-507 

510 

2017 

496-507 

513 

2024 

488-507 

502 


Because the solution heat treatment temperature is so close to the eutectic 
melting temperature, temperature control is critical. This is especially true for 2XXX 
series alloys. In this alloy group, the initial eutectic melting temperature, is only a few 
degrees above the maximum recommended solution heat treatment temperature 
(Table 8). 

Non-equilibrium conditions can occur because of localized solute con- 
centrations. Because of the increased concentration of solute, the eutectic tempera- 
ture could be decreased, causing localized melting. This is often called incipient 
melting. An example is shown in Figure 1. When this occurs, there are significant 
decreases in properties. Properties most affected include toughness, ductility and 
tensile properties. Unfortunately, this defect can not be detected visually or by 
NDT techniques. 

Local melting can also occur if the heat-treated load is heated too quickly. This 
is particularly true of 2XXX alloys. In this alloy system, there are local concen- 
trations of ALCu. At slow heating rates, the ALCu dissolves slowly into the matrix. 
At high heating rates, there is inadequate time for the ALCu to dissolve. Local con- 
centrations cause the local eutectic temperature to drop, resulting in localized 
melting. If adequate time is allowed for this metastable liquid to dissolve into 
the matrix, then in general, there is no decrement in properties. However, this 
requires long solution heat treatment times. So it is more likely that there will 
be a component of the liquid present when quenching. Because of surface tension 
during solidification, small, solidified spheres are formed. This are called rosettes. 
A rosette formed in a 6XXX series alloy is shown in Figure 2. 

Under-heating during solution heat treatment can also cause problems by not 
allowing enough solute to go into solid solution. This means that less solute is avail- 
able during subsequent precipitation hardening reactions. As an illustration of this, 
Figure 3 shows the effect of solution heat treating temperature on the yield strength 
and ultimate tensile strength. As the temperature is increased for both alloys, 
the tensile strength is also increased. For the 2024-T4 alloy, it can be seen that there 
is a change in slope and rapid rise in properties as the temperature is increased past 
about 488°C. 

Typical recommended solution heat treatment temperatures for wrought prod- 
ucts (excluding forgings) are shown in Table 9. Recommended solution heat treat- 
ment temperatures for forgings are listed in Table 10. Recommended solution 
heat treatment temperatures for cast alloys are tabulated in Table 11. 
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Figure 1 Photomicrograph of incipient melting in a 2XXX series aluminum alloy. 



Figure 2 SEM examination of a rosette formed during heat treatment of a 6XXX series 
alloy. 
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Figure 3 Graph illustrating the effect of solution heat treatment temperature on tensile 
properties of 2014-T4 and 2014-T6 sheet. 


The time at solution heat treating temperature is as important as the 
temperature. If there is inadequate time at temperature, not all solute will be in 
solution at time of quench. The time necessary at solution heat treatment is a func- 
tion of prior microstructure. The more homogeneous the microstructure, the shorter 
the necessary solution time. For instance, thin sheet requires merely minutes at the 
solution heat treatment temperature, while thick castings require 20+ hours. A table 
showing typical solution heat treating times for wrought alloys as a function of 
thickness is shown in Table 12. A table showing typical solution heat treating times 
for cast alloys as a function of thickness is shown in Table 13. 

When solution heat treating alclad alloys, the shortest possible time at tem- 
perature should be used. This prevents solute from diffusing into the alcad. This 
in turn reduces the corrosion resistance. Because of the risk of solute diffusion, 
the number of reheat treatments on alcad stock is generally limited to three. 

In general, the time during solution heat treatment is counted from the time the 
process thermocouple or load thermocouple recovers to within 6°C of the process 
temperature. For salt bath furnaces the time is measured at the instant of total 
immersion, as long as the temperature of the bath does not drop more than 6°C 
from the process temperature. 

Because of the lower heat transfer, air furnaces require greater spacing between 
parts to insure proper heat-up of the parts. Generally a 2" spacing is used. However, 
with larger parts, like wing skins, a greater separation may be required. The direction 
of part stacking is also important. In general, parts should be placed in-line with the 
flow of air. They should not “hide” the airflow from other parts, preventing proper 
heat-up of the parts. 
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Table 9 Solution Heat Treatment Temperatures for Wrought Alloys (Excluding Forgings) 


Alloy 

Product Type 

Solution Heat Treating 
Temperature, °F 

2011 

Wire, Rod and Bar 

945-985 

2014 

Sheet, Plate, Extrusions and Tube 

925-945 

2017 

Wire, Rod and Bar 

925-950 

2020 

Sheet, Plate 

950-970 

2024 

Sheet, Plate, Extrusions and Tube 

910-930 

2048 

Sheet, Plate 

910-930 

2117 

Wire, Rod, Bar 

925-950 


Rivets 

890-950 

2124 

Plate 

910-930 

2219 

Sheet, Plate, Extrusions and Tube 

985-1005 

2618 

Extrusions 

970-990 

6061 

Sheet, Plate, Extrusions and Tube 

960-1075 

6066 

Extrusions and Tube 

960-1010 

6262 

Sheet, Plate, Extrusions and Tube 

960-1050 

6951 

Sheet 

975-995 

7001 

Extrusions 

860-880 

7039 

Sheet, Plate 

840-860 

7049 

Extrusions 

865-885 

7050 

Sheet, Plate, Extrusions, Wire and Rod 

880-900 

7075 

Sheet, Plate, Wire, Rod and bar 

860-930 


Extrusions, Drawn Tube 

860-880 

7178 

Sheet 

860-930 


Plate 

860-910 


Extrusions 

860-880 


If parts are exposed to temperature too long, high temperature oxidation could 
become a problem. The term high temperature oxidation is really a misnomer. The 
culprit is actually moisture in the air during solution heat treatment. This moisture 
is a source of hydrogen, which diffuses into the base metal. Voids form at inclusions 
or other discontinuities. The hydrogen gas gathers, and forms a surface blister on the 
part. In general, 7XXX alloys are the most susceptible (particularly 7050), followed 
by the 2XXX alloys. Extrusions are the most prone to blistering, followed by 
forgings. 

Eliminating the moisture will minimize the problem of surface blistering. This 
is accomplished by sequencing of door over quench tanks, and thoroughly drying 
and cleaning furnace loads prior to solution heat treatment. It is also important 
to make sure that the load racks used for solution heat treatment are also dry. 
However, it is not always possible to eliminate high humidity in the air to prevent 
surface blistering. Often the ambient relative humidity is high (St. Louis in the 
summer), so that other measures may have to be taken. 

The use of ammonium fluoroborate is typically used to prevent blistering on 
7XXX extrusions and forgings. An amount equivalent to 5 g per m 3 of workload 
space is usually used to prevent surface blistering. This is applied as a powder 
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Table 10 Solution Heat Treatment Temperatures for Forgings 


Alloy 

Product Type 

Solution Heat Treating 
Temperature, °F 

2014 

Die and Hand Forgings 

925-945 

2018 

Die Forgings 

940-970 

2024 

Die and Hand Forgings 

910-930 

2025 

Die Forgings 

950-970 

2218 

Die Forgings 

940-960 

2219 

Die and Hand Forgings 

985-1005 

2618 

Die and Hand Forgings 

975-995 

4032 

Die Forgings 

940-970 

6053 

Die Forgings 

960-980 

6061 

Die and Hand Forgings, including Rolled Rings 

960-1075 

6151 

Die and Hand Forgings, including Rolled Rings 

950-980 

7049 

Die and Hand Forgings 

865-885 

7050 

Die and Hand Forgings 

880-900 

7075 

Die and Hand Forgings, including Rolled Rings 

860-890 

7076 

Die and Hand Forgings 

850-910 


Table 11 

Typical Solution Heat Treatment Temperatures for Castings 

Alloy 

Casting Type 

Solution Heat Treating 
Temperature, °F 

222.0 

Sand and Permanent Mold 

930-960 

242.0 

Sand and Permanent Mold 

950-980 

295.0 

Sand 

940-970 

296.0 

Permanent Mold 

935-965 

319.0 

Sand 

920-950 

A336.0 

Permanent Mold 

940-970 

355.0 

Sand and Permanent Mold 

960-990 

C355.0 

Permanent Mold 

960-990 

356.0 

Sand and Permanent Mold 

980-1010 

A356.0 

Sand and Permanent Mold 

980-1010 

520.0 

Sand 

800-820 


in a shallow pan hanging from the furnace load rack. This material is very corrosive 
and requires operators to wear the appropriate personal protective safety equipment. 
Because the material is corrosive at temperature, it is recommended that the inside 
panels in the furnace be manufactured with stainless steel. This will reduce corrosion 
and maintenance. 

An alternative to the use of ammonium fluoroborate in solution heat treating 
furnaces, is anodizing the parts prior to solution heat treatment. This is generally 
practical for larger extrusions and forgings, where the cost of anodizing is small 
compared to the cost of the part. However, for small parts, the additional added 
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Table 12 Soaking Time for Solution Heat Treatment of All Wrought Products 

Soaking Time (minutes) 


Salt Bath Air Furnace 


Thickness 

(inches) 

Minimum 

Maximum 
(alclad only) 

Minimum 

Maximum 
(alclad only) 

0.016 and below 

10 

15 

20 

25 

0.017-0.020 

10 

20 

20 

30 

0.021-0.032 

15 

25 

25 

35 

0.033-0.063 

20 

30 

30 

40 

0.064-0.090 

25 

35 

35 

45 

0.091-0.124 

30 

40 

40 

50 

0.125-0.250 

35 

45 

50 

60 

0.251-0.500 

45 

55 

60 

70 

0.501-1.000 

60 

70 

90 

100 

1.001-1.500 

90 

100 

120 

130 

1.501-2.000 

105 

115 

150 

160 

2.001-2.500 

120 

130 

180 

190 

2.501-3.000 

150 

160 

210 

220 

3.001-3.500 

165 

175 

240 

250 

3.501-4.000 

180 

190 

270 

280 


Table 13 Soaking Times for Solution Heat Treatment of Cast Alloys 


Alloy 

Casting Type 

Time (hours) 

222.0 

Sand and Permanent Mold 

6-18 

242.0 

Sand and Permanent Mold 

2-10 

295.0 

Sand 

6-18 

296.0 

Permanent Mold 

4-12 

319.0 

Sand 

6-18 

336.0 

Permanent Mold 

6-18 

355.0 

Sand and Permanent Mold 

6-18 

C355.0 

Permanent Mold 

6-18 

356.0 

Sand and Permanent Mold 

6-18 

A356.0 

Sand and Permanent Mold 

6-18 

520.0 

Sand 

12-24 


cost does not generally justify the possible benefit of anodizing prior to solution heat 
treatment. 

Rapid quenching in water or a water solution with a polymer additive such as 
poly (alkylene) glycol follows solution heat treatment. The quenching is performed 
rapidly in order to achieve a supersaturated solid solution. The aluminum in the 
as-quenched ( AQ) condition is soft but is very uniform in mechanical characteristics. 
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Precipitation Supersaturation — —Diffusion Rate 

Figure 4 Schematic representation of temperature effects on factors that determine the 
heterogeneous precipitation rate during quenching (after Hatch [1]). 


3.4 Quenching 

An understanding of heterogeneous precipitation during quenching can be under- 
stood by nucleation theory applied to diffusion controlled solid-state reactions [1], 
The kinetics of heterogeneous precipitation occurring during quenching is dependent 
on the degree of solute supersaturation and the diffusion rate, as a function of 
temperature. So, as an alloy is quenched, there is greater supersaturation (assuming 
no solute precipitates). But the diffusion rate increases as a function of temperature. 
The diffusion rate is greatest at elevated temperature. When either the 
supersaturation or the diffusion rate is low, the precipitation rate is low. At inter- 
mediate temperatures, the amount of supersaturation is relatively high, as is the 
diffusion rate. Therefore the heterogeneous precipitation rate is the greatest at inter- 
mediate temperatures. This is shown schematically in Figure 4. The amount of time 
spent in this critical temperature range is governed by the quench rate. 

The amount of precipitation occurring during quenching reduces the amount 
of subsequent hardening possible. This is because as solute is precipitated from sol- 
ution during quenching, it is unavailable for any further precipitation reactions. This 
results in lower tensile strength, yield strength, ductility and fracture toughness. 

Quantifying quenching, and the cooling effect of quenchants has been exten- 
sively studied [2-5]. The first systematic attempt to correlate properties to the quench 
rate in Al-Zn-Mg-Cu alloys was performed by Fink and Wiley [6] for thin (0.064") 
sheet. A Time-Temperature-Tensile Property curve was created and was probably 
the first instance of a TTT diagram for aluminum. It was determined that the critical 
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temperature range for 75S is 400°C to 290°C. This is similar to the critical tempera- 
ture range found for Al-Zn-Mg-Cu alloys [7], At quench rates exceeding 450°C/sec., 
C/sec., it was determined that maximum strength and corrosion resistance were 
obtained. At intermediate quench rates of 450°C to 100°C/sec., the strength 
obtained is lowered (using the same age treatment), but the corrosion resistance 
was unaffected. Between 100/sec and 20°C/sec, the strength decreased rapidly, 
and the corrosion resistance is at a minimum. At quench rates below 20° C/ sec, 
the strength decreases rapidly, but the corrosion resistance improved. However, 
for a given quenching medium, the cooling rate through the critical temperature 
range was invariant no matter the solution heat treat temperature. An illustration 
of the effect of average cooling rate from the solution heat treating temperature 
on tensile strength is shown in Figure 5. 

One method that quantifies the quench path and material kinetic properties is 
called the “Quench Factor” and was originally described by Evancho and Staley 
[8], This method is based on the integration of the area between the 
Time-Temperature-Property Curve and the quench path. Wierszykkowski [9] pro- 
vided an alternative explanation of the underlying principles of the Quench Factor. 
However, his discussion is more generally applied to the thermal path prior to 
isothermal transformation. The procedures for developing the Quench Factor have 
been well documented [10-15], This procedure could be used to predict tensile 
properties [16], hardness [17] and conductivity [11]. It was found that the Quench 
Factor could not be used to predict elongation because of its strong dependence 
on grain size [1 1]. This method tends to overestimate the loss of toughness [15]. This 
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Figure 5 Tensile strengths of six alloys as a function of average cooling rate during 
quenching. 
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method also can be used to determine the critical quench rate for property degra- 
dation [18]. 

Historically, the average quench rate has been used to predict properties and 
microstructure after quenching [2-4], However average quench rates are not suf- 
ficient to provide accurate property data, and serve as a predictive tool [8], The 
quench factor [8] was developed to quantitatively predict properties. This quench 
factor depends on the rate of precipitation during quenching. The rate of precipi- 
tation during quenching is based on two competing factors: supersaturation and 
diffusion. As temperature in decreased during quenching, the amount of 
supersaturation increases, providing increased driving force for precipitation. In 
addition, at the beginning of quenching, the temperature is high, increasing the rate 
of diffusion. The Avrami precipitation kinetics for continuous cooling can be 
described by [8]: 

£=1— exp(kT)" 


where £ is the fraction transformed, k is a constant, and x is defined as: 



where t is the Quench Factor, t is the time (sec) and C, is the critical time. The 
collection of the C, points, also known as the C-Curve, is similar to the 
Time-Temperature-Transformation curve for continuous cooling. 

In general, the C, function is described by [10]: 


C t — K\K 2 


exp 


K-sKl 


RT(K 4 - T) 


exp 


K 5 

RT 


where C , is the critical time required to precipitate a constant amount of solute, K t is 
a constant that equals the natural logarithm of the fraction that was not transformed 
during quenching, and K\ = ln(0.995) or -0.00513. K\ is chosen that for t> 1, a 
decrease in properties is observed. K 2 is a constant related to the reciprocal of 
the number of nucleation sites, and K 3 is a constant related to the energy required 
to form a nucleus. K 4 is a constant related to the solvus temperature, K 5 is a constant 
related to the activation energy for diffusion, R is the universal gas constant and T is 
the temperature in °K. 

To determine the parameters K x , K 2 , K 3 , K 4 , and K 5 , it is first necessary to have 
the C-Curve. C-Curve data is scarce, and of limited availability. Table 14 shows 
some previously published data. 

The Quench factor is determined by integrating the above equation 
graphically. This is shown schematically in Figure 6. Mathematically, this is shown 
by: 


At[ A t 2 At 3 A t n j 

t -cr + G + cr + --- + -& 


where C \ . . . C„ are the critical times of the C-Curve, and A t\ . . . A t n are the 
incremental times described by the quench path. But, to do this integration, the 
C-curve must be known. 
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Table 14 Coefficients for Calculating Quench Factors at 99.5% of Attainable Strength 


Alloy 

K 2 (sec) 

K 3 (cal/mol) 

K 4 (K) 

K 5 (cal/mol) 

Reference 

7050-T76 

2.2 x 10' 19 

5190 

850 

1.8 x 10 5 

[8] 

7075-T6 

4.1 x KT 13 

1050 

780 

1.4 x 10 5 

[8] 

2024-T851 

1.72 x 10' 11 

45 

750 

3.2 x 10 4 

[19] 

7075-T73 

1.37 x 10' 13 

1069 

737 

1.37 x 10 5 

[13] 

2219-T87 

0.28 x 10' 7 

200 

900 

2.5 x 10 4 

[20] 


Note: Data for 2024-T851 was evaluated using R = 1.987. All others were evaluated with R = 8.3143 



Figure 6 Schematic showing how quench factors are calculated. 


Typically, it is necessary to measure the quench path of several sheets of 
material, and then measure the properties after processing. The quench factor is 
determined for each quench path and associated with the measured properties. 
Typically, hardness and tensile properties have been used [13]. Examples of calcul- 
ated quench factors and their associated quench paths are shown in Table 15. Proper- 
ties are then related to the quench factor by the equation [10]: 

P = Pmax • exp(Xi t) 

where p is the property of interest, p max is the maximum property attainable with 
infinite quench rate, and K\ is —0.005013 (natural log of 0.995). 

There are two difficulties with this method. First, it is necessary to know the 
specific quench path that the part experienced. This is often difficult to measure, 
and requires specialized equipment to achieve repeatable results [13]. Secondly, 
it is also necessary that the C-Curve is known with sufficient precision. As indicated 
previously, this data is often not available for the specific conditions of interest. 
The lack of having detailed information regarding the C-Curve has limited the appli- 
cability of the use of the quench factor. 
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Table 15 Quench Factors and Measured Yield Strength for 1.6-mm Thick 7075-T6 Sheet [1] 


Quench path 

Quench Factor 

Measured Yield 
Strength (MPa) 

Cold Water, Strongly Agitated 

0.464 

73.4 

Denatured Alcohol to 290°C, then Cold water 

8.539 

69.1 

Boiling Water to 315°C, then Cold water 

15.327 

66.4 

Still air to 370°C, then Cold Water 

21.334 

67.9 


To avoid excessive precipitation during quenching, three requirements must be 
met. First the transfer time from the solution heat-treat furnace into the quench tank 
must be minimized. Second, the quenchant properties must be fast enough to insure 
that proper supersaturation is achieved, and that desired properties can be achieved. 
Lastly, the quench tank must have adequate thermal inertia so that the quenchant 
does not heat excessively, causing an interrupted quench. In addition, the quenching 
system must extract heat uniformly to minimize property variations. 

The quench delay time, or the transfer time from the furnace to the quench 
tank, for air furnaces, is defined as the time the furnace door first begins to open, 
until the last corner of the workload is immersed into the quench tank. For salt 
baths, the quench delay time is defined as the time that the first corner of the work- 
basket is exposed to the time the last corner of the workload is immersed into 
the quench tank. In general, it is independent of the alloy, but depends on the sol- 
ution heat treating temperature, the velocity of movement, and the emmissivity 
of the workload. Table 16 shows typical allowable quench delay times for various 
thicknesses. 

The quench delay time is based on the amount of cooling of the workload 
before it enters the quenchant. In general, the maximum quench delay times can 
be exceeded if it can be demonstrated that the part temperatures do not fall below 
approximately 413°C before immersion. An exception to this is for AA2219, where 
the part temperatures can not fall below 482° C before immersion. 

It is difficult to directly measure and control the temperature drop during 
transfer of the workload from the solution heat treating furnace to the quench tank. 
However, the quench delay time is easily controlled using only a stopwatch. This is 
augmented with the results from routine tensile testing and intergranular corrosion 
testing. 


Table 16 Typical Maximum Quench Delay Times 


Minimum Thickness 

mm 

inch 

Maximum lime 
(Seconds) 

Up to 0.41 

Up to 0.016 

5 

Over 0.41-0.79 

Over 0.016-0.031 

7 

Over 0.79-2.29 

Over 0.031-0.090 

10 

Over 2.29 

Over 0.090 

15 
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There are two types of quenching commonly used for commercially heat 
treating aluminum: direct immersion and spray quenching. Direct immersion 
quenching requires that the workbasket is completely immersed into a quenchant 
bath. Spray quenching is a specialized form of quenching, where a stream of 
quenchant is directed onto the part. 

Immersion quenching is controlled by specifying the quenchant (and concen- 
tration if appropriate), and temperature of quenching. There are two types of 
quenchants used for aluminum heat-treating: water and polyalkylene glycol 
(polymer) quenchants. 

Cold water quenching is the most severe of commonly used quenchants. In an 
early study using cooling curves [21], it showed that quenching into still water caused 
rapid heat transfer. This study showed that heat transfer at the surface of the part 
was very turbulent at the metal/water interface. This study also showed that there 
was a marked difference between hard water and distilled water. Distilled water 
showed an extensive vapor blanket that extended to very low temperatures (Figure 

7). 

The cooling rate of water quenching is independent of material properties like 
thermal conductivity and specific heat. It is primarily dependent on water tempera- 
ture and agitation [22]. Water temperature is the largest primary variable controlling 
the cooling rate. With increasing water temperature, the cooling rate decreases. The 
maximum cooling rate also decreases as the water temperature is increased. In 
addition, the temperature of maximum cooling decreases with increasing water 
quench temperature. The length of time and stability of the vapor barrier increases, 
with increasing water temperature. This is shown in Table 17. 



Figure 7 Comparison of the cooling rates of distilled water and normal “hard” water. 
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Table 17 Effect of Water Temperature on Cooling Rates [23] 


Water 

Temperature (°C) 

Maximum 
Cooling 
Rate (°C/s) 

Maximum 
Cooling Rate 
Temperature (°C) 

Cooling Rate (°C/s) at T 

704°C 

343°C 

232°C 

40 

153 

535 

60 

97 

51 

50 

137 

542 

32 

94 

51 

60 

115 

482 

20 

87 

46 

70 

99 

448 

17 

84 

47 

80 

79 

369 

15 

77 

47 

90 

48 

270 

12 

26 

42 


Quenching into water at < 50-60°C often produces non-uniform quenching. 
This non-uniformity manifests itself as spotty hardness, distortion and cracking. 
This non-uniformity is caused by relatively unstable vapor blanket formation. 
Because of this difficulty, it was necessary to develop an alternative to water 
quenching. Polyalkylene Glycol quenchants (PAG) were developed to provide a 
quench rate in between that of water and oil. By control of agitation, temperature 
and concentration quench rates similar to water and thick oil can be achieved. 

There are two types of polymer quenchants on the market. The first quenchant 
is polyvinyl alcohol (PVA). This quenchant is resistant to bacterial attack. However, 
because of its chemical make-up, it is prone to degrade and change its heat transfer 
characteristics over time. It also produces a hard plastic type lacquer finish on 
the parts which is difficult to remove. 

The other type of polymenr quenchant is polyalkyene glycol (PAG). For the 
past 40 years, it has captured the largest market share. It is a copolymer of ethylene 
oxide and propylene oxide. It exhibits an inverse solubility with water. In other 
words, as the water temperature is increased, the solubility of PAG quenchants 
in water is decreased. A two-phase system results, as the temperature of the water 
is raised. The lighter phase is water, with floats to the top. A second phase, denser 
than water, sinks to the bottom. Each region contains a bit of the other in solution. 
In other words, the glycol-rich region contains some water, while the water rich 
region contains some PAG quenchant. However, as the temperature is increased, 
the partitioning of PAG and water increases. 

The temperature at which separation occurs is called the cloud point. The cloud 
point is effected by pH, %PAG, and other contaminates in the system. As the pH is 
increased, the cloud point decreases. As the concentration of PAG increases, the 
cloud point also decreases. 

Water is one of the most severe quench media. Because of the severity of the 
quench, this quench media presents problems with residual stresses and distortion. 
Residual stresses in thick sections are caused by differential thermal stresses that 
occur during quenching. The magnitudes of the stresses also increase as the thickness 
of the part increases. Since large sections are often machined, a redistribution of the 
residual stress occurs. This redistribution can cause warpage. Residual stresses 
can also impact the fatigue of the part. 
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Slow cooling minimizes temperature differences between the surface and center 
of a part. This reduces the residual stresses since residual stresses are the result of 
large differential thermal strains. However, slow cooling also results in hetero- 
geneous precipitation during quenching. This decreases properties by decreasing 
the amount of supersaturated solute. So a balancing act between residual stresses 
and acceptable properties occurs. To achieve the best balance, it is necessary to 
use the slowest possible quench that will still achieve properties, with an appropriate 
safety factor. 

Increasing the PAG concentration decreases the quench rate (Figure 8). 
Because of a concept called “zero-delta”, concentrations of PAG quenchants are 
limited in the aerospace industry to those that only produce equivalent properties 
to a hot water quench. These typical concentrations are shown in Table 18. This 
results in products that have a reduced residual stress and warpage, but have proper- 
ties in excess of those required. 

Spray Quenching is the second type of quenching that is used commercially. 
However, it is generally limited to mill operations. In immersion quenching heat 
transfer progresses first by an extended vapor blanket, then nucleate boiling, 
followed by convective heat transfer. Increased agitation reduces the stability of 
the vapor phase. Increased agitation also increases the temperature at the onset 
of nucleate boiling. It also increases the heat transfer in the convective region. 
The same occurs in spray quenching. 

Fluid flow impacts the part, and mechanically ruptures the vapor blanket. The 
extreme agitation rate of the impacting spray accelerates nucleate boiling and 
enhances convective heat transfer. The droplet size is a critical factor in spray 
quenching. The mechanical energy of the droplet and the droplet size depend on 
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Table 18 Typical Concentration Limits for Quenching in PAG. (From Ref. 107.) 

Maximum 

Thickness Concentration 

Volume 


Alloy 

Form 

Inches 

Millimeters 

Percent 

2024 

Sheet 

0.040 

1.02 

34 Max. 



0.063 

1.60 

28 Max. 



0.080 

2.03 

16 Max. 

2219 

Sheet 

0.073 

1.85 

22 Max. 

6061 

Sheet, Plate 

0.040 

1.02 

34 Max. 

7049 





7050 





7075 


0.190 

4.83 

28 Max. 



0.250 

6.35 

22 Max. 

6061 

Forgings 

1.0 

25 

20-22 

7075 


2.0 

50 

13-15 



2.5 

64 

10-12 

7049 

Forgings 

3.0 

76 

10-12 

7149 





7050 

Forgings 

3.0 

76 

20-22 

6061 

Extrusions 

0.250 

6.35 

28 Max. 

7049 





7050 

Extrusions 

0.375 

9.52 

22 Max. 


7075 


the air and water pressures used. This also is affected by the geometry of the nozzle 
orifice and mixing chamber. The velocity of a droplet, as it is leaving the nozzle 
is a function of water and air pressures, the tube diameter of the nozzle, water flow 
rate, and head loss through the tube [24]. The velocity of the droplet hitting the 
surface is a function of the initial velocity, water and air density, droplet size 
and the spray distance. The optimum droplet diameter for quenching has been 
reported to be approximately 0.8 mm [25]. 

This technique has great flexibility, but has not been adopted on a commercial 
basis. In general, this technique is only used in plate and sheet mills because of 
the simple quenching geometry, enabling sprays to be placed on either side of 
the plate. In addition, aerospace specifications require extensive documentation 
and testing to insure that the spray quenching system is operating at peak perform- 
ance at all times. All spray nozzles must be monitored during the quench for 
any intermittent or faulty operation. A daily log of quench temperatures and press- 
ures are usually maintained. In addition, a detail first article inspection is required, 
documenting the placement and location of all spray nozzles used. Aerospace 
forgings and machined parts, because of their complex shape are generally good 
candidates for spray quenching. However, because of the equipment and documen- 
tation cost, most heat treaters opt for more conventional immersion quenching. 
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3.5 Stretching or Mechanical Deformation after Quenching 

Immediately after quenching, AQ Temper alloys are nearly as ductile as the “O” or 
annealed condition. Because of this, as-quenched alloys are often formed after 
quenching, but before artificial aging. 

Stretching of plate materials is generally performed to relieve the stresses 
induced from quenching. The amount of stretch varies, but is generally in the range 
of 1 to 5%. Because the stretch plastically deforms the plate, a large number of 
dislocations are introduced into the material. This plastic deformation causes the 
elastic stresses resulting from quenching to be redistributed into a less deleterious 
amount. Applying about 1-3% plastic deformation on the part generally causes this 
mechanical stress redistribution. This is accomplished by stressing by stretching 
of extrusion and plate, or by compression striking forgings. This is illustrated in 
Figure 9, showing the effect of compression striking a 4-inch thick forging that 
was water quenched. 

It is known that the dislocations increase mechanical properties and change the 
precipitation sequence. This has been found for Al-Mg-Si 26], Al-Li [27-28], 
Al-Li-Cu [29-30], In these systems, the dislocations provide nucleation sites for 
the transitional precipitates. In some alloy systems, such as Al-Cu-Mg-Ag, 
nucleation of fine, homogeneously distributed precipitates is readily accomplished, 
and the presence of dislocations may decrease tensile properties [29]. 

At room temperature, the presence of dislocations slows precipitation kinetics 
due to the annihilation of quenched-in vacancies [31, 32]. At elevated aging tem- 
peratures ( 120°C-180°C), dislocations increase precipitation kinetics and coarsening 
because of an enhanced diffusion path [32, 33]. Coarsening of precipitates on 



Figure 9 Effect of compression striking a 4-inch thick 7075-T652 forging in the as-quenched 
condition on the measured residual stresses. 
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dislocations also cause a decrease in mechanical properties [34], However, an 
increase in mechanical properties has been reported [35, 36] if stretching is performed 
on naturally aged 2XXX and 7XXX material, followed by artificial aging. It was 
shown that deformation before aging at 120°C improved the stress corrosion 
resistance, but deformation before aging at 210°C reduced the stress corrosion 
resistance [1], 

In 7XXX series aluminum alloys, the precipitate that forms on the dislocation 
is if, and grows faster on dislocations than in the base material [37-39], It was shown 
by Deschamps et al [40, 41], that for short aging times, slow heating to the artificial 
aging temperature will produce a fine, homogenous distribution of rf and the influ- 
ence of dislocations is reduced. For short aging times and fast heating rates, the 
precipitation of ;/ is more difficult. There is increased precipitation of r\ at dis- 
locations, with fine precipitates at a distance from the dislocation. There is a decrease 
in the peak strength as the percent of deformation or stretch is increased. For long 
aging times, larger precipitates occur with increasing stretch and a decrease in mech- 
anical properties is observed during coarsening, that is independent of heating rate. 
This is illustrated in Figure 10. 

The effects of cold working on toughness after precipitation hardening, are 
directly opposite for 2XXX and 7XXX alloys. Cold working after quenching 
improves the combination of strength and toughness in 2024 (Figure 11) and 
decreases the combination of strength and toughness in the overaged tempers. This 
is attributed to the precipitation of a fine distribution of S’ on dislocations. However, 
in 7050, cold working after quenching has the opposite effect (Figure 12). This is 
attributed to the nucleation and preferential growth of coarse if on dislocations. 
This decreases the strength, without improving the toughness. 



Figure 10 Effect of cold work on the strength of 2219 artificially aged at 375F. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



906 


Howard et al. 



Figure 11 Effect of stretching and aging on the toughness of 2024 sheet [1]. 
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Figure 12 Effect of stretching on the toughness of 7050 plate [1]. 
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Forming of parts in the as-quenched condition is readily performed. There are 
a variety of methods used to form parts. Typical methods include brake forming, 
hydro-forming, roll forming and stretching. Other methods include drop hammer 
forming, and spinning. 

Brake forming is inexpensive to perform and requires little or no die cost. Very 
simple shapes are formed by this method. Examples include clips, and angles. Grain 
direction affects formability. It is desired to bend perpendicular to the grain 
direction. This can avoid orange peel or Luders lines. 

Hydro-Forming is nearly always performed in either the O (annealed) con- 
dition or when the part is as-quenched. In this process part blanks are placed 
between the die and a large bladder that is filled with hydraulic fluid. When 
the bladder is pressurized, the bladder expands, and causes the bladder to form 
into the die. When parts are formed when the part is annealed, the sequence 
is hydro-form, solution heat treat, quench, reform, then artificial aging to the des- 
ired properties. If the parts are formed in the AQ condition, then the sequence is 
solution heat treat, quench, hydro-form, then age harden. This process has the 
benefits of low die cost, and can be applied to a large variety of complex parts. 
However, the equipment is expensive and difficult to maintain. Examples include 
frames and lightening holes. 

Roll forming is a simple process where the work piece is placed between two 
rolls and formed over a bending roll. There is no die cost. One additional advantage 
is that this process can roll form parts in any heat treat condition. Typical roll formed 
parts are single contour skins and nose cones. 

Straightening after quenching is used to correct distortion. Usually this is 
accomplished by placing the part (in the as-quenched condition) on a die, and hitting 
the part with leather straps or mallets. Generally, it is best to heat treat the parts, 
then form in the as-quenched condition. However, this is often not practical. In that 
case, straightening should only be performed in areas of uniform section. 
Straightening across thickness transitions and areas containing holes or cut-outs. 
This is because the holes maybe be warped by straightening. In heavy sections, twist 
is very difficult to remove, and is usually impractical. A good example of twist in a 
large heat treated forging is shown in Figure 13. Unfortunately, because of the extent 
of twisting in this forging, it was not possible to salvage this forging. 


3.6 Natural Aging 

Some heat treatable alloys, especially 2XXX alloys, harden appreciably at room 
temperature to produce the useful tempers T3 and T4. These alloys that have been 
naturally aged to the T3 or T4 tempers, exhibit high ratios of ultimate tensile 
strength /yield strength. These alloys also have excellent fatigue and fracture 
toughness properties. 

Natural aging, and the increase in properties occurs by the rapid formation of 
GP (Guinier-Preston) Zones from the supersaturated solid solution and from 
quenched-in vacancies. Strength increases rapidly, with properties becoming stable 
after approximately 4-5 days. The T3 and T4 tempers are based on natural aging 
for 4 days. For 2XXX alloys, improvements in properties after 4-5 days are rela- 
tively minor, and become stable after one week. 
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Figure 13 Extreme example of a large aerospace forging exhibiting twisting due to 
improper racking during solution heat treatment. 


The Al-Zn-Mg-Cu and Al-Mg-Cu alloys (7XXX & 6XXX), harden by the 
same mechanism of GP Zone formation. However, the properties from natural aging 
are less stable. These alloys still exhibit significant changes in properties even after 
many years. 

The natural aging characteristics change from alloy to alloy. The most notable 
differences are the initial incubation time for changes in properties to be observed, 
and the rate of change in properties. Aging effects are suppressed with lower than 
ambient temperatures. In many alloys, such as 7XXX alloys, natural aging can 
be nearly completely suppressed by holding at — 40°C. This is illustrated in Figure 
14. 

Because of the very ductile and formable nature of as-quenched alloys, 
retarding natural aging increases scheduling flexibility for forming and straightening 
operations. It also allows for uniformity of properties during the forming process. 
This contributes to a quality part. However, refrigeration at normal temperatures 
does not completely suppress natural aging. Some precipitation still occurs. Table 
19 shows typical temperature and time limits for refrigeration. 

Often refrigeration systems are inadequate to cool thick gage parts quick 
enough to rapidly cool parts. In this case several heat-treaters immerse the parts 
in Stoddard’s Solvent at — 40°C immediately after quenching. Alternatively, the 
use of dry ice and methanol has also been used. However, either solution is very 
flammable and requires special precautions for operating and disposal of organic 
wastes. Immersion of the parts in very cold liquid insures that the parts will rapidly 
cool to the desired temperature. The parts are then transferred to the normal 
refrigeration system. 
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Figure 14 Effects of temperature on the natural aging response of three alloys. 
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Table 19 Typical Time and Temperature Limits for Refrigerated Parts Stored in the 
As-Quenched Condition 



Maximum 
Delay Time 
after Quenching 

Maximum Storage Time for Retention of the 
AQ Condition 

Alloy 

- 12°C (10°F) 
Max. 

- 18°C (0°F) 
Max. 

— 23°C (- 10° F) 
Max. 

2014 

2024 

2219 

15 minutes 

1 day 

30 days 

90 days 

6061 

7075 

30 minutes 

7 days 

30 days 

90 days 


Interestingly, the electrical conductivity decreases with the progression of 
natural aging. Generally, the reduction of solid solution content would indicate 
an increase in the conductivity. This decrease in conductivity indicates that GP 
Zones are forming, instead of “true” precipitates. This decrease in conductivity 
is related to the consumption of vacancies by the GP Zones. This decrease in con- 
ductivity is illustrated in Figure 15. 

Besides conductivity changes, dimensional changes also occur during natural 
aging. The dimensional change observed is not consistent with a reduction in 



0.1 1 10 100 1000 

Natural Aging Time, Hours 

Figure 15 Effect of natural aging on the conductivity of solution heat-treated and quenched 
sheet. 
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Figure 16 Dimensional changes occurring during natural aging of several alloys. 


the amount of solute in solid solution. However, it also suggests the formation of GP 
Zones, or the formation of a precipitate during natural aging. These dimensional 
changes occurring natural aging of several alloys is shown in Figure 16. 


3.7 Precipitation Heat Treatment (Artificial Aging) 

Precipitation hardening (aging) involves heating the alloyed aluminum to a tempera- 
ture in the 200-450°F range. At this temperature, the supersaturated solid solution 
created by quenching from the solution heat treating temperature, begins to 
decompose. Initially there is a clustering of solute atoms near vacancies. Once suf- 
ficient atoms have diffused to these initial vacancy clusters, coherent precipitates 
form. Because the clusters of solute atoms have a mismatch to the aluminum matrix, 
a strain field surrounds the solute clusters. As more solute diffuses to the clusters, 
eventually the matrix can no longer accommodate the matrix mismatch. A 
semi-coherent precipitate forms. Finally, after the semi-coherent precipitate grows 
to a large enough size, the matrix can no longer support the crystallographic 
mismatch, and the equilibrium precipitate forms. What follows is a brief description 
of the precipitates and precipitation sequence of the most common precipitation 
hardenable aluminum alloys. 

Precipitation hardening is the mechanism where the hardness, yield strength, 
ultimate strength dramatically increase with time at a constant temperature (the 
aging temperature) after rapidly cooling from a much higher temperature (solution 
heat treat temperature). This rapid cooling or quenching results in a supersaturated 
solid solution, providing the driving force for precipitation. This phenomena was 
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first discovered by Wilm [42], who found that the hardness of aluminum alloys with 
minute quantities of copper. Magnesium, Silicon, and Iron, increased with time, 
after quenching from a temperature just below the melting temperature. 

The first rational explanation for this effect was by Merica et al [43], who 
explained that the hardening that occurred over time was because since the solid 
solubility increased at higher temperatures, the lower aging temperature enabled 
a new phase to occur by precipitation from the initially solid solution. 

The concept of precipitation hardening opened up a new field of physical 
metallurgy, and was the primary focus of research in the 1920’s and 1930’s. This 
concept was very difficult to validate because the precipitates during the initial 
and intermediate stages of aging were too small to be observed with the instruments 
of that era. 

Mehl and Jelten [44] describe the history and progression of thought by the 
1930’s on the mechanisms of precipitation hardening in the review article. It is 
interesting to note that in the review article, the concept of dislocations was not 
mentioned, although dislocations were discovered and discussed in the early 1930’s. 

The earliest attempt at explaining precipitation hardening by dislocations [45] 
thought that the strength increases derived from precipitation hardening was from 
the interaction of dislocations and the internal stresses developed by coherent 
particles and the resulting misfit. 

Orowan [46] developed his famous equation relating the strength of an alloy 
containing hard particles to the particle shear modulus and the inter-particle 
spacing. The Orowan equation is a remarkable achievement and is the basis for 
the theory of dispersion hardening. 

Precipitation hardening strengthens alloys by coherent particles sheared by 
dislocations, with a drastic effect on properties. The mechanisms of precipitation 
hardening all have in common the method in which dislocations are impeded 
through the particle and matrix, and the description of that motion. 

Six primary mechanisms of precipitation hardening have been described in the 
literature. They are Chemical Strengthening; Stacking Fault Strengthening; 
Modulus Hardening; Coherency Strengthening; Order Strengthening; and Spinodial 
Decomposition. Briefly, Chemical Strengthening provides hardening from the for- 
mation of an additional matrix-precipitate interface from the dislocation shearing 
the particle. Stacking Fault Strengthening hardens from the different stacking fault 
energies of the matrix and the precipitate. In Modulus Hardening, the increased 
strength is because the shear modulus of the matrix and precipitate differ. In 
Coherency Strengthening, there is an elastic interaction between the strain fields 
of the dislocation and the coherent particle. Order Strengthening is when the 
precipitate is a superlattice, and the matrix is a relatively disordered solid solution. 
Spinoidal decomposition is a special case where the lattice changes in solute con- 
centration, yielding a periodic variation in the elastic strength from changes in com- 
position. 

Nearly all the above mechanisms are based on dislocation /particle 
interactions, with the exception of spinoidal decomposition. 

Chemical Strengthening is the earliest theory, and explained precipitation 
hardening by passing a dislocation through a particle. This dislocation creates 
two new ledges of new precipitate /matrix interface with a specific interfacial energy 
[47]. 
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Theory predicts that the critical resolved shear stress decreases with decreasing 
particle size. This is contrary to observed behavior. The large predicted magnitude of 
the critical resolved shear stress is not supported experimentally, and does not con- 
tribute much to the strength of aged alloys. It is not felt to be an important mech- 
anism for aluminum alloys, unless for very small particle sizes. 

Stacking Fault Strengthening. When the stacking fault energy between the 
matrix and the precipitate differ, the motion of the dislocation is impaired. The sep- 
aration of the dislocation depends on the phase that the dislocation resides. The 
theory by Hirsch and Kelly [48] indicates that a different situation arises depending 
on the average radius of the precipitate, < r >, the ribbon widths, and the stacking 
fault energies of the precipitate and the matrix. Gerold and Hartman [49] determined 
that the maximum force experienced by the split dislocation occurs at the critical 
breaking condition. Ardell [50] found that the incremental change in the critical 
resolved shear stress would vary provided that the diameter of the particle was less 
than the ribbon width of the matrix. Edge dislocations will provide higher values 
of the critical resolved shear stress because of the greater dislocation line tension. 

Gerold and Hartman [49] demonstrated that the critical resolved stress would 
decrease as the particle size increased. 

The resultant behavior depends on the magnitude of the dimensionless critical 
force exerted by the particle on the dislocation. These theories provide only a rough 
estimate for the critical resolved shear stress. However, these relationships show 
that stacking fault energy produces overaging behavior for a wide range of particle 
sizes when the particle size is much greater than the ribbon width or when the 
stacking fault energy of the matrix is large. 

Modulus Hardening is difficult to deal with theoretically. There are two 
regimes, depending on whether the dislocation is inside the particle or outside 
the particle. When a dislocation penetrates the precipitate, the force of interaction 
increases, and a different calculation is required. The interaction energy between 
a straight screw dislocation has been calculated by Weeks [51, 52]. This force inter- 
action is obtained by the differentiation of the interaction equation. The interaction 
forces are greatest when the dislocation has just entered the precipitate, and is 
the important case for determining the amount of increase in the critical resolved 
stress. 

Several theories regarding the mechanism of Modulus Hardening have been 
proposed. The theory of Knowles and Kelly [53] is one of overaging. In this theory, 
particles are increasing in size, while maintaining a constant volume fraction. They 
assumed a fixed particle spacing along the dislocation to calculate the critical 
resolved shear stress. 

The theory of Weeks [52] used the maximum force the precipitate could 
withstand before shearing. This force was used for predicting normal age hardening 
response for small particles. This theory demonstrated that modulus hardening pro- 
vided an explanation for the experimental data on Al-2% Zn-1.4% Mg, and showed 
good agreement with the data. They concluded that it was the dominant mechanism 
in the under aged and the peak aged condition. However, one difficulty is that the 
shear modulus of the precipitate can not be determined experimentally. The possible 
agreement may be fortuitous. 

There is evidence that modulus hardening may be important in several systems. 
Further, overaging was found not to be the result of an Orowan mechanism because 
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of the low work hardening rates in over-aged systems, and no evidence of Orowan 
Loops were found in over-aged Cu 3 Au-1.5%Co [54], 

Coherency Hardening is the oldest mechanism for precipitation hardening 
recognized. In this mechanism, misfitting coherent particles, and the interaction 
of the stress field of the dislocation and precipitate causes hardening. It is poorly 
characterized quantitatively. It is most thoroughly modeled if a pure edge dislo- 
cation interacts elastically with a spherical coherent precipitate with misfit. 

The problem is solved by calculating the interaction force per line length on the 
slip plane of an edge dislocation. The result is integrated over the length of the dis- 
location to calculate the force. Base on the result, the interaction force can be nega- 
tive or positive, attractive or negative. It depends on the nature of the edge 
dislocation and the degree of misfit. Statistically equal numbers of attractive and 
repulsive particles are encountered by the dislocation. Normally only repulsive 
particles are considered in the calculation. Since the force is identical for both 
repulsive and attractive precipitates, the primary difference is that for repulsive 
particles, the maximum force occurs before the dislocation passes through the center 
of the particle; for attractive precipitates, the maximum force occurs after the dis- 
location passes through the center of the particle. If the coherent spherical 
precipitate is large, then the bending of the dislocation becomes substantial, and 
the straight dislocation assumption is no longer valid. 

If the interaction is between a screw dislocation and a spherical particle, then 
the net force is zero. But the maximum force is non-zero because it is calculated 
by integrating over only one-half of the length. Screw dislocations appear to control 
flow stress. It has been observed in Al-Zn alloys. However, observations disagree 
strongly with theory. This theory strongly overestimates the strength in these alloys, 
with the peak values much smaller than predicted. This theory does not predict the 
magnitude and the particle size expected by a wide margin. 

Based on the above, the theory of coherency strengthening is inadequate to 
describe or provide rough estimates of the strengthening expected in under-aged, 
peak aged, or over-aged alloys. 

Order Strengthening occurs by an ordered coherent precipitate sheared by a 
dislocation and creating and antiphase boundary (APB) on the slip plane of the 
precipitate. The antiphase boundary energy per unit area on the slip plane and 
the force per unit length of the dislocation oppose the motion of the dislocation 
as it moves through the precipitate. 

In general, the dislocations in this type of strengthening mechanism move in 
groups. The groups are the numbers of dislocations that are necessary to restore 
order in the particle. Stainless steels, nickel alloys, and Aluminum-Lithium alloys 
[55] are commonly strengthened by this mechanism. In these alloys, the dislocations 
travel in pairs, because a pair of matrix dislocations (b = a<ll 0>/2) passing 
through a Ll 2 type structure (Cu 3 Au) restores perfect order on the (111) slip plane. 

The effect of the second dislocation is difficult to quantify. This is because the 
trailing dislocation is experiencing the strain field of the particles sheared by the 
first dislocation. If the structure is more complicated than Cu 3 Au (Ll 2 ) then the 
number of dislocations can be greatly increased. Brown and Ham [47] discussed 
the effect of the second dislocation, and they found that the weakly coupled pairs 
of dislocations were the most important in providing increases in the critical resolved 
stress. 
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3.8 Al-Cu Alloys 

The Al-Cu system has been reviewed in detail [56]. The equilibrium phase diagram 
[57] is a eutectic, in equilibrium with CuA 1 2 (6) at 548C at approximately 32% 
Copper. The extent of solution solubility at the aluminum rich end is approximately 
5.7% Copper. Comercial alloys of this type are 2219, 2011, and 2025. 

The precipitation sequence was originally established by Guiner [58, 59] and 
Preston [60-61]. Hornbogen further examined the precipitation in Al-Cu and con- 
firmed the results of Guiner and Preston [62]. The precipitation sequence after rapid 
quenching has been accepted as being Guiner-Preston Zones (GPZ) plates parallel 
{001}ai, transforming to the coherent precipitate 8 " , followed by semi-coherent 
8' plates parallel (001 } A i- The final equilibrium precipitate is 8 (Cu 2 A1). Silcock, 
et al [63], examined this progression of precipitates, and showing multiple stages 
in precipitation, evidenced by changes in hardness and Laue reflections (Figure 17). 

The coarsening behavior of 8" and 6' in Al-Cu alloys was examined by Boyd 
and Nicholson [64], and found to follow the theory of Lifshitz, Slyozov [65] and 
Wagner [66], In this theory, originally applied to the dispersion of spherical particles 
in a fluid, the rate of coarsening of is controlled by the diffusion of solute through the 
matrix. The variation of the mean radius, r, with respect to time, t of spherical 
particles in a matrix is given by: 


r —r n — -- 


8 yDc 0 Vl 


9 RT 


( t - to) 


where r 0 is the mean particle radius when coarsening begins at t-t 0 . D and V m are the 
diffusivity and the molar volume of the precipitate, while c 0 is the equilibrium molar 



-e-l30C 

-6-190C 


Figure 17 Correlation of structure and hardness of an Al-4%Cu alloy aged at 130°C and 
190°C [63], 
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concentration and a is the precipitate /matrix interfacial energy. Boyd and Nicholson 
[64] found that the measured coarsening kinetics of 0" was in good agreement with 
the Lifshitz- Wagner theory. However, the coarsening of O' occurred at a much higher 
rate than expected, and did not follow the Lifshitz- Wagner theory. They attributed 
this difference to short circuiting diffusion and particle coalescence. 


3.9 Al-Cu-Mg Alloys 

Aluminum-Copper-Magnesium alloys were the first precipitation hardenable alloys 
discovered [67]. The first precipitation hardenable alloy was a precursor to alloy 
2017 (4% Cu, 0.6% Mg and 0.7% Mn). A very popular alloy in this group is 2024. 

The addition of magnesium greatly accelerates precipitation reactions. In 
general, the precipitation sequence is: 

SS -* GP Zones -* S'f ALCuMg) S (ALCuMg) 

The GP Zones are generally considered to be collections of Cu and Mg atoms 
collected as disks on the {1 10} A i planes. S’ is incoherent, and can be directly observed 
in the TEM. S’ precipitates heterogeneously on dislocations. These precipitates 
appear as laths on the {210} A1 , oriented in the <001 > direction [68]. Since S’ 
precipitates on dislocations, cold working after quenching increases the number den- 
sity of S' and produces a fine distribution of precipitates in the matrix. 


3.10 Al-Mg-Si Alloys 

This alloy system forms the basis for the 6XXX series aluminum alloys. In this heat 
treatable alloy system, magnesium is generally in the range of 0.6-1. 2% Mg, and 
silicon is in the range of 0.4-1. 3% Si. The sequence of precipitation is the formation 
of GP Zones, followed by metastable (S' (Mg 2 Si), followed by the equilibrium (1 
(Mg 2 Si). The GP Zones are needles oriented in the <001> direction, with (S' 
and (S showing similar orientations. 


3.11 Al-Zn-Mg-Cu Alloys 

In 7XXX Al-Zn-Mg-Cu alloys, several phases have been identified that occur in 
Al-Zn-Mg-Cu alloys as a function of precipitation sequence. Four precipitation 
sequences have been identified. This is shown schematically below: 

%ss — S 
a sss =>T'=)-T 

a sss =7- VRC => GPZ => >/ => )/ 

«sss =7 f 1 

In the first precipitation sequence, the S phase, Al 2 CuMg, is precipitated 
directly from the supersaturated solid solution. It is reported to be orthorhombic 
[69], with a space group of Cmcm, and 16 atoms to the unit cell. The lattice par- 
ameters are [70]: a = 0.401 nm, b = 0.925 nm, and c = 0.715 nm. This phase has been 
identified [71] as a coarse intermetallic that is insoluble in typical Al-Zn-Mg-Cu 
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alloys at 465C and as a fine lath precipitate in Al-4.5%Zn-2.7%Cu-2.2%Mg-0.2%Zr 
alloys. No orientation relationships to the matrix have been identified in the 
literature. 

In the second precipitation sequence, an intermediate phase T' occurs in the 
decomposition of the supersaturated solid solution. Bernole and Graf first identified 
this phase [72]. Auld and McCousland [73] suggested that the structure was hexag- 
onal with the reported lattice parameters a = 1.39nm, and c = 2.75nm. It was further 
suggested that the orientation of the hexagonal cell to the aluminum matrix be: 

(0001)17/(1 1 1)A1 (10T0)T7/(1 12 )A 1 

Further in the second precipitation sequence, the equilibrium T phase forms. 
This phase was reported [74] to be cubic, space group Im3, with 162 atoms in 
the unit cell. It was indicated that the lattice parameter varies from 1.41 to 1.47nm, 
with this variation due to compositional variations. It has been proposed by 
Bergman et al [75] that the chemical formula Mg 32 (Al,Zn ) 49 was appropriate. It 
was found incoherent with the aluminum matrix. Several orientation relationships 
have been reported [76] between the T phase and the aluminum matrix. These are: 

(100) 17/(1 12) Al (001) T 1 //(ll0) Al 

(100) T 2 //(10) Al (010) T 2 //(lll) Al 

(100) T 3 //(l 10) Al (Oil) T 3 //(001) Al 

(100) T 4 //(110) Al (025) T 4 //(ll0) Al 

This phase has been rarely reported in substantial quantities, even though com- 
mercial heat treatments up to 150°C lay in the Al + MgZn 2 + Mg 32 (Al,Zn ) 49 phase 
field. In general, the T phase only precipitates above 200°C [1]. 

In the third sequence of precipitation, the supersaturated solid solution 
decomposes to form vacancy-rich clusters, Guinier-Preston Zones, if and then > 7 . 
Guinier-Preston Zones have been inferred in Al-Zn-Mg alloys, and is based on small 
increases in electrical conductivity and an increase in hardness during the initial 
stages of aging [7]. 

The if phase is an intermediate step toward the precipitation of the equilibrium 
phase >7 (MgZn 2 ). Direct evidence of if is rare, and difficult to obtain. It has recently 
been accepted that the if phase is hexagonal, however, the reported lattice par- 
ameters vary widely (Table 20). 

Review of the literature indicates that there is a dispute over the occurrence of 
rf and its nucleation [77-79]. Investigations with similar compositions have found 
discrepancies regarding the presence of if. This leads to the speculation that the 
formation of if is path dependant, and subject to local chemical variations. 
Mondolfo et al. [77] and others [80] indicate that nucleation of if occurs by the 
segregation of alloying elements to stacking faults, gradually losing coherency until 
the ordered 1 7 phase develops [74]. Others indicate that the formation of if is the 
result of vacancy-rich clusters (VRC) [78]. GP zones are also thought to nucleate 
rf [84] [79], 

In a detailed examination by Auld and McCousland, [73] using single crystals, 
they report that the structure of if is hexagonal and belongs to the P6m2 space group. 
The precipitate has the following possible orientation relationships with the matrix: 

(0001) i/V/d il) Al (1010) 77/(110) Al [73] 
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Table 20 Structure of tf 


Structure 

a 

c 

Reference 

Hexagonal 

0.496nm 

0.868nm 

[80] 

Monoclinic 

0.497nm 

0.554nm 

[81] [82] [83] 

Hexagonal 

0.496nm 

1.402nm 

[83] [84] 

Hexagonal (P6) 

0.496nm 

1 ,402nm 

[85] 


Table 21 

Orientation Relationships Between 7/ and the Aluminum 



Orientation relationship between 7 / and the Al lattice 
[81] [74] [102] 


Type 

//Al 

77 //A 1 

Morphology 


(0001)//(1 1 0) 

(10 10)// (001) 

Plates 

>12 

(0001)//(1 1 1) 

(10 I 0)//(l 10) 

Plates 


(000i)//(i i i) 

(I 100)//(1 10) 

Plates [103] 

t)4 

(0001)//(1 10) 

(1210)// (111) 

Rods 

>15 

(1 2 I 0)//(l 1 1) 

(30 3 2)//(l 10) 

Rods 

tie 

( 1 2 3 0) // ( 1 1 1) 

(20 2 1 ) // ( 1 22) 

Rods 

>1 7 

(121 0)//(l T 1) 

(10 I 4) // ( 1 10) 

Rods 


(12 3 0)//(l 12) 

(0001)// (3 1 1) 

Rods 

>19 

(1 2 10)// (001) 

(0001)//(1 10) 

Laths [81] 

mo 

(0001)//(1 1 1) 

(11 00) // ( 1 3 4) 

[88] 

mi 

(0001)//(1 10) 

(10 T 0)//(l 1 1) 

[102] 

1112 

(0001)// (0 10) 

(10 1 0)//(001) 

[104] 


(1010) ;/' 2 //(100) Al (0001) f/' 2 //( Oil) Al [86] 

The equilibrium precipitate in the third sequence is the hexagonal rj (MgZn 2 ) 
phase with a = 5.21 A and c = 8. 60 A [87]. This phase is the prototype of the hexagonal 
Laves phase, with 12 atoms to the unit cell and belonging to the space group 
P6 3 /mmc. There are twelve orientation relationships between the precipitate and 
the Aluminum lattice. It has been suggested that the orientation is related to the 
type of nucleation during or after quenching [88]. These are shown in Table 21. 

Bigot, Deniox, Auger, et al [89] determined compositions and volume fractions 
of metastable rj and stable ;; by 3D atomic probe in 7050 aluminum. They found that 
;/and i] contain approximately 55 and 40 at% aluminum. The Zn:Mg ratio was found 
equal to one. Results indicated that >/ contains slightly more solute (Zn and Mg) than 
tj was found to be growing when aged between 24 and 100 hours at 120°C because 
precipitate concentration remained the same, but solute concentration in solid sol- 
ution decreased. This analysis is consistent with the suggestion that if can nucleate 
directly from GP Zones. 

In another examination of Al-Zn-Mg alloys by 3D atomic probe [90], the 
authors found strong evidence that the composition of tf is not the same as the equi- 
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librium phase >7. They indicate that the composition of >7' is more closely related to the 
composition of GP zones. It was found that the composition of the GP zones and 17' 
varies from Zn:Mg=l:l to 1.5:1. This is good evidence that the intermediate 
precipitate if nucleates directly from GP Zones. The ratio of Zn:Mg for the equi- 
librium phase >7 was found to be 2:1, consistent with the formula of the Laves phase 
MgZn 2 and the Al-Zn-Mg phase diagram. These results are similar to recent studies 
[91 , 92] of precipitation in 6XXX series Al-Mg-Si alloys. Those studies found that the 
intermediate precipitate had a Mg:Si ratio of approximately 1:1, while the equilib- 
rium precipitate had a Mg: Si ratio closer to 2:1. 

Electron and X-ray diffraction of an Al-Zn-Mg alloy revealed that 17', ;/ and T’ 
were present in -T6 condition and only 1 7 and T’ were present in the -T73 condition 
[93]. Only the precipitates t] and if were detected in the Al-Zn-Mg-Cu alloy in 
the -T73 condition. The presence of copper suppresses the formation of T’ in favor 
of >7. Copper also stabilizes the >7 phase resulting in little strength loss during 
overaging compared to significant strength loss of the ternary alloy during over- 
aging. It was observed that the i] phase in the quaternary alloy was multi-layered 
and interpreted in terms of the MgZn 2 Laves Phase. The size, interparticle spacing 
and volume fraction of the precipitated metastable phase (if) were evaluated [94] 
on the effect of artificial aging time. It was found that the amount of if increases 
with aging time, but that the electron density remained constant. A strong corre- 
lation between yield strength and the structure of the fine precipitates was found. 
If precipitates were less than 2nm in average radius, dislocations cut through the 
precipitates. When precipitates grew in size to approximately 50-60 A, the yield 
stress was governed by the Orowan mechanism. Hirsch and Humpherys’ Theory 
provided a quantitative explanation [95]. The Langer - Schwartz model was accurate 
for predicting precipitation as long as a time dependant nucleation rate term was 
added [96]. The elastic strain increases the work of formation of a critical radius, 
and lowers the nucleation rate. 

It was found [6] that rates of precipitation of >7 and if were limited by reaction 
kinetics. Dissolution of if is dominated by diffusion, while the dissolution of t] is 
dominated by thermodynamic equilibrium between precipitate and the matrix. 

Taylor [97] found that the width of precipitate free zones (PFZ) in aluminum 
alloys vary as a function of the solution heat-treat temperature, and the aging 
temperature. It was found that the width of the PFZ decreased as the solution heat 
treat temperature was increased from 410 to 490°C (at a constant age temperature). 
Hardness remained constant above 440°C, indicating that the solute atoms were 
completely in solution above 430°C. It was also found that the width of the 
precipitate free zone increased as the aging temperature was raised from 120 to 
200°C. The width of the PFZ is inversely proportional to the quench rate [98], 

The decrease in the PFZ width as the solution heat treat temperature was 
increased, was explained by the increase of vacancies, which in turn expedited 
diffusion, limiting the width of the PFZ. The decrease in the width of the PFZ 
at lower aging temperatures was explained by a higher degree of solute 
supersaturation and a change in the volume free energy. This reduces the critical 
value of vacancies required for nucleation, and reduces the width of the PFZ. 

Al-Zn-Mg-Cu alloys deform mainly by inhomogeneous “planar” slip that 
applies large stress concentrations at the grain boundaries ( the end of the slip bands) 
[99, 100], The ductility of the alloy was not influenced by the width of the PFZ up to 
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full aged hardness. The area fraction of the grain boundary precipitates increased the 
predominance of intergranular fractures [101]. It was also found that creating 
narrow PFZ with large grain boundary precipitates could also increase the fracture 
stress. This was thought to occur because the large grain boundary precipitates 
impede the shearing of the particles required for crack nucleation. 

The kinetics of precipitation during artificial aging, measured by yield strength 
and conductivity, obey an Arrhenius relationship and indicate that the activation 
energies of 7075 and 7050 are similar. The higher strength by aging at higher tem- 
peratures for 7050 was attributed to the effect of copper increasing the G.P. Zone 
solvus. 

3.12 Artificial Aging 

Heating the quenched material in the range of 95-205°C accelerates precipitation in 
heat treatable alloys. This acceleration is not completely due to changes in reaction 
rate. As was shown above, structural changes occur that are dependent on time 
and temperature. In general, the increase in yield strength that occurs during arti- 
ficial aging increases faster than the ultimate tensile strength. This means that 
the alloys lose ductility and toughness. T6 properties are higher than T4 properties, 
but ductility is reduced. Overaging decreases the tensile strength, and increases 
the resistance to Stress-Corrosion-Cracking. It also enhances the resistance to 
fatigue crack growth. It also imparts dimensional stability of the part. 

Precipitation hardening curves have been developed for all the most common 
alloys. Figure 18 shows aging curves for 2024 and 6061. Both alloys show evidence 
of reversion of GP Zones by initial reductions in hardness. This is caused by the 
destruction of small GP Zones that are below the critical size. Similar aging curves 
have been developed for 7075 (Figure 19) and for the cast alloy 356 (Figure 20). 

The aging curves for the various alloys vary; however, generally the higher the 
aging temperature, the shorter the time required to attain maximum properties. 
When high aging temperatures are used, properties are reached very rapidly with 
time. For this reason, aging temperatures are usually lower to assure that the entire 
load is brought to the required aging temperature without risk of reduced properties 
caused by over-aging of the fastest rising aluminum. 

It is not necessary to develop aging curves for each alloy and desired temper. 
The times and temperatures are proscribed in many process specifications. Typical 
precipitation heat treating sequences are shown in Table 22 (Wrought products), 
Table 23 (Sand Castings), and Table 24 for permanent mold castings. 


4 EQUIPMENT 

Aluminum heat treat systems can be continuous or batch types. Continuous heat 
treat systems include roller hearth, pusher, belt and chain types. The requirements 
for the various continuous furnaces vary only as to the type of conveyor used with 
the furnace. Batch solution heat treat types include drop-bottoms, side discharge, 
fluidized bed, and pit furnaces. Continuous and batch furnaces have many com- 
ponents in common: 

• Operating temperatures in the 830°-1080°F range 

• ±5°F or ±10°F temperature uniformity requirements 
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6061 -T4 



• No temperature overshoot above the upper thermal uniformity limit 
allowed 

• Ceramic fiber insulation up to 8" thick 

• Maximum quench delay in the 5-15 second range beginning when the door 
begins to open 
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Natural Aging Tima, Days 

Figure 19 Aging curves for 7075. 

a Controls to within 2°F accuracy 

a Continuously records both high and low air temperature in each zone 
a Electric, indirect radiant tube, or direct-fired natural gas heat source 
a Recirculated air directed at relatively high velocities past the aluminum 
a Hot air is recirculated using ductwork - usually stainless steel 
a Quenchant temperature rise and thermal uniformity are limited. 

4.1 Furnace Types 

As indicated previously, there are standard types of aluminum heat treating 
equipment. This includes car-bottom furnaces, vertical tower and pit furnaces, con- 
tinuous conveyer and batch furnaces. 

Car bottom furnaces are useful for annealing large forgings, plates or other 
product forms. In this type of furnace, the hearth of the furnace is usually an 
insulated car that rides on rails. The furnace door could either be part of the furnace 
shell or part of the car. The hearth is sealed to the furnace by using knife edges into 
sand. This prevents cold air leaking causing cold spots in the furnace. This type 
of furnace is heated by either radiant tubes (natural gas) or by electric heating 
elements. An example is shown in Figure 21. 

Vertical tower furnaces or pit furnaces are specialized furnaces used for heat 
treating very long items. Typically, extrusions are heat treated in this type of furnace. 
Because of the length of the hot zone, it is necessary to break the furnace into several 
heating zones, controlled by individual temperature controllers. Each zone will have 
a separate thermocouple and excess temperature controller. Often each zone will 
have a separate chart recorder. Also, because of the size of the work zone, a large 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




Table 22 Typical Aging Treatments for Precipitation Hardening Wrought Aluminum Alloys (From Ref. 107) 
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Table 23 Typical Aging Treatments for Aluminum Sand Castings 


Alloy 

Temper 

Before 

Aging 

Temper 

After 

Aging 

Temperature 

Soaking 

Time 

(Hours) 

°F 

°C 

222.0 

T4 

T6 

380-400 

193-204 

10-12 

242.0 

F 

T571 

320-350 

160-177 

22-26 

395.0 

T4 

T6 

300-320 

149-160 

12-20 

520.0 

W 

T4 

Ambient 

Ambient 

96 Min. 

319.0 

T4 

T6 

300-320 

149-160 

1-6 

355.0 

F 

T51 

430-450 

221-232 

7-9 


T4 

T6 

300-320 

149-160 

1-6 


T4 

T7 

430-450 

221-232 

3-5 

356.0 

T4 

T6 

300-320 

149-160 

1-6 


F 

T51 

430-450 

221-232 

6-12 

A356.0 

T4 

T6 

300-320 

149-160 

1-6 

712.0 

F 

T5 

345-365 

174-185 

9-11 


F 

T1 

Ambient 

Ambient 

21 Days 


Table 24 

Typical Aging Treatments for Aluminum Permanent Mold Castings 


Alloy 

Temper 

Before 

Aging 

Temper 

After 

Aging 

Temperature 

Soaking 

Time 

(Hours) 

°F 

°C 

222.0 

T4 

T65 

330-350 

166-177 

7-9 

242.0 

T4 

T61 

400-450 

204-232 

1-3 

296.0 

T4 

T6 

300-320 

149-160 

1-8 

336.0 

T45 

T65 

300-350 

149-177 

14-18 

355.0 

T4 

T6 

300-320 

149-160 

1-6 

356.0 

T4 

T6 

300-320 

149-160 

1-6 

A356.0 

T4 

T61 

300-320 

149-160 

6-10 

C355 

T4 

T61 

300-320 

149-160 

10-12 


volume of air is required to maintain temperature uniformity. Vertical tower fur- 
naces may be on rails in a similar fashion to a gantry furnace to enable loading 
and quenching. Specialized loading mechanisms may also be used. An example 
of a vertical tower furnace is shown in Figure 22. 

Pit furnace are similar to a vertical tower furnace except the furnace work zone 
is below grade. This type of furnace is typically used for homogenizing or preheating 
ingots or coils. It is also used for annealing ingots and coils. It is not often used for 
solution heat treatment because of the difficulties lifting the load and quenching 
it within the allowable quench delay time. These furnaces are simple to operate 
and maintain. Excellent temperature uniformity can be obtained. Often in the case 
of larger pit furnaces, multiple temperature control zones may be used. 
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Table 25 Typical Hardness and Conductivity Values for Aluminum Alloys Heat Treated to 
Various Tempers (From Ref. 107) 


Alloy 

Temper 

Brinnell 

B 

Rockwell hardness 
E H 

15T 

Typical 

Conductivity 

1100 

O 

_ 

_ 

_ 

50 Max. 

_ 

57.0-62 

3003 

O 

- 

- 

- 

65 Max. 

- 

44.5-50.5 

5052 

o 

- 

- 

70 Max. 

95 Max. 

- 

34-37 

2014 

o 

- 

22 Max. 

70 Max. 

95 Max. 

- 

43.5-51.5 


T3 

100 

65 

95 

- 

82 

31.5-35 


T4 

100 

65 

95 

- 

82 

31.5-34.5 


T6 

125 

78 

102 

- 

86 

35.5-41.5 

2024 

O 

- 

22 Max. 

70 Max. 

95 Max. 

- 

46-51 


T3 

110 

69 

94 

- 

82 

28.5-32.5 


T4 

100 

63 

94 

- 

82 

28.5-34 


T6 

118 

72 

98 

- 

84 

36.5-40.5 


T8 

120 

74 

99 

- 

85 

35-42.5 

2124 

T3 

110 

69 

97 

- 

- 

28.5-32.5 


T8 

120 

74 

99 

- 

- 

35.0-42.5 

2219 

O 

- 

22 Max. 

95 



44-49 


T3 

98 

60 

92 

- 

79 

26.0-31.0 


T37 

99 

62 

93 

- 

81 

27.0-31 


T4 

96 

58 

90 

- 

78 

28.0-32 


T6 

99 

62 

93 

- 

81 

32.0-35.0 


T8 

116 

71 

98 

- 

83 

31.0-35 


T87 

124 

75 

100 

- 

84 

31.0-35 

6061 

O 

40 Max. 

- 

- 

75 Max. 

- 

42.0-49 


T4 

50 

- 

70 

- 

64 

35.5-43.0 


T6 

80 

42 

85 

- 

78 

40.0-47.0 

6063 

O 

- 

- 

- 

70 Max. 


57.0-65.0 


T1 

- 

- 

37 

- 

53 

48.0-58.0 


T4 

- 

- 

40 

- 

54 

48.0-58.0 


T5 

- 

- 

44 

- 

57 

50.0-60.0 


T6 

60 

- 

70 

- 

68 

50.0-60.0 

6066 

O 

- 

- 

40 Max. 

- 

- 

42.0-47.0 


T4 

- 

- 

85 

- 

76 

34.0-41.0 


T6 

102 

65 

95 

- 

82 

38.0-50.0 

7049 

O 

- 

22 Max. 

70 Max. 

95 Max. 


44.0-50.0 


T73 

134 

81 

104 

- 

85 

40.0-44.0 


T76 

142 

84 

106 

- 

87 

38.0-44.0 

7050 

O 

- 

22 Max. 

70 Max. 

95 Max. 

- 

44.0-50.0 


T73 

134 

81 

104 

- 

85 

40.0-44.0 


T736 

140 

82 

105 

- 

86 

40.0-44.0 


T76 

142 

84 

106 

- 

87 

39.0-44.0 

7075 

O 

- 

22 Max. 

70 Max. 

95 Max. 

- 

44.0-48.0 


T6 

142 

84 

106 

- 

87 

30.5-36.0 


T73 

129 

78 

102 

- 

85 

40.0-43.0 


T76 

136 

82 

104 

- 

86 

38.0-42.0 
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Table 26 Typical Values of Hardness and Conductivity for Heat Treated Aluminum Alloys 
(Clad) (From Ref. 107) 

Rockwell Hardness, 
minimum 

Sheet Typical 


Alloy 

Temper 

Thickness 

B 

E 

15T 

Conductivity 

2014 

T6 

.062 & Under 

76 

102 

85 

35.5-44.0 



.063 & Over 

75 

101 

- 

35.5-44.0 

2024 

T3 

.062 & Under 

57 

91 

79 

28.5-35.0 



.063 & Over 

60 

93 

- 

28.5-35.0 


T4 

.062 & Under 

57 

91 

79 

28.5-35.0 



.063 & Over 

60 

93 


28.5-35.0 


T6 

.062 & Under 

60 

93 

81 

35.0-45.0 



.063 & Over 

62 

94 

- 

35.0-45.0 


T8 

All 

65 

97 

82 

35.0-45.0 

2219 

T6 

.062 & Under 

61 

92 

80 

32.0-37.0 



.063 & Over 

60 

91 

- 

32.0-37.0 


T8 

.062 & Under 

64 

96 

82 

31.0-37.0 



.063& Over 

63 

95 

- 

31.0-37.0 

6061 

T6 

All 

84 

74 

- 

40.0-53.0 

7075 

T6 

.032 & Under 

78 

103 

86 

30.5-36.0 



.033 - .062 

76 

102 

- 

30.5-36.0 



.063 & Over 

75 

101 

- 

30.5-36.0 


T76 

.032 & Under 

76 

102 

84 

38.0-42.0 



.033 - .062 

75 

101 

- 

38.0-42.0 



.063 & Over 

74 

100 

- 

38.0-42.0 

7178 

T6 

.036 & Under 

79 

104 

86 

29.0-34.0 



.037 - .062 

78 

103 

- 

29.0-37.0 



.063 & Over 

76 

102 

- 

29.0-37.0 


Continuous furnaces are used in high volume heat treating, where there is little 
change in the alloy, processing parameters and part configuration. A typical instal- 
lation is shown in Figure 23. 

Batch furnaces used for solution heat treating include pusher-type furnaces, 
drop-bottom furnaces and other batch type furnaces (fluidized bed and salt-bath 
furnaces). Drop-bottom and pusher-type furnaces are constructed nearly identically, 
except they differ in the manner that they quench a workload. In pusher-type, the 
loads are pushed out of the furnace on to an elevator, and then translated vertically 
into the quench tank. Drop-bottom furnaces have doors on the bottom of the fur- 
nace, and the furnace load is rapidly lowered into the quench tank. The differences 
are schematically illustrated in Figure 24. Pusher furnaces are generally not used 
for solution heat treating applications. Because of the dual motions required, it 
is difficult to meet the required quench delay times. However, this type of furnace 
is amenable to hand quenching workloads, if the size and weight of the furnace load 
is small. Drop-bottom furnaces are the most commonly used for solution heat 
treating applications. Two examples are shown in Figure 25 and in Figure 26. 
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Figure 21 Three -zone car-bottom furnace used for precipitation hardening, annealing and 
homogenizing 40,000 pound loads at ±5°F temperature uniformity. 



Figure 22 Vertical tower drop-bottom furnace used for solution heat treating 16-foot long 
extrusions. A mobile transfer car with quench tank is used to load the furnace. 
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Figure 23 Two continuous roller hearth solution heat-treating furnaces, with age hardening 
ovens. Each of the furnaces process 150 aluminum cast aluminum wheels per hour. The system 
layout requires only a single operator to periodically load/unload furnace work baskets. 



Figure 24 Schematic showing the difference between pusher-type furnaces and 
drop-bottom furnaces. 


Drop-bottom and pusher-type furnaces are designed in a similar fashion, 
except for the quenching mechanism. Both are indirectly fired using either natural 
gas in radiant tubes or electric heating elements. The heating sources are shielded 
from direct radiation on the parts. Air is moved down across the heating elements 
in a plenum, then past the temperature control thermocouples. Additional 
thermocouples are used for excess temperature control and process temperature 
recorders. The heated air is passed up through the workload using a series of adjust- 
able louvers. These louvers are adjustable to allow precise control of the temperature 
uniformity within the work zone. A minimum of ±10°F temperature uniformity is 
usually required, but better temperature uniformity is preferred and provides more 
consistent properties. 
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Aluminum ovens and furnaces with working zones as large as 10° wide x 12° high x 
60’ long are now required to certify within ±5°F and to recover within less than 
30 minutes following insertion of aluminum loads weighing in excess of 25,000 
pounds. Performance must be programmable, verifiable, and repeatable in order 
to support historical process reporting requirements. Recovery criteria vary, but 
usually thermocouples are inserted and attached to the aluminum load for certifi- 
cation of temperature uniformity and thermal recovery. It is important for the fur- 
nace heating and air recirculation system to be matched with the load 
characteristics. Aluminum forms that are heat treatable include sheets, plates, 
extrusions, impacts, castings, forgings and formed shapes. 

Solution heat treat racks are configured to accept a variety of forms and shapes 
in arrangements that allow air and quenchant movement, and that assist in distor- 
tion control. Racks are fabricated from stainless steel, mild steel or 4130 aircraft 
grade tool steel. Generally, stainless steel is preferred because of improved properties 
at solution heat treating temperatures. Joints are constructed to pivot during 
expansion /contraction cycles in order to avoid weld breakage or distortion. Racks 
constructed in this way show minimal visible distortion or oxidation after thousands 
of cycles. The aluminum throughput to rack weight ratio continues to improve as 
racking materials and configurations improve. A comparison of two different racks 
is shown in Figure 27. 

Indirect natural gas-fired aluminum solution heat treat furnaces are used exten- 
sively in ±5°F applications. Advancements in combustion control techniques allow 
for very high turndown of gross heat into the radiant tubes. PC/PLC sequencing 
techniques provide the control scheme necessary to achieve very fast thermal 
recovery without overshoot, and with the ability to hold a wide range of tempera- 
tures (350-1200F). Recuperators are installed in the exhaust legs of the radiant tubes 
and preheat the combustion air to achieve verifiable efficiency improvements of up to 
15%. 

Rate of quench speed is infinitely variable over the typical range of 5-1 5 second 
quench delay (start of door opening until aluminum load is completely submerged). 
Variability and speed control are achieved through use of servo controls with micro- 
processor based feedback loops. Hoist speed profiles can be configured to attain 
elapsed time delays and optical rate of entry into the quench while contouring 
acceleration /deceleration to minimize jarring of parts, splashing and excessive dis- 
tortion on entry into to the quenchant. 

The quench portion of the heat treating cycle is increasingly recognized to have 
equal influence on properties of the metal as the heating phase. Poly (alkylene) glycol 
(PAG) in water over a range of up to 40% PAG is increasingly used to mediate the 
rate of heat transfer from hot metal to quenchant to provide a homogenous solution 
in order to minimize and control distortion in the aluminum. Water is also used as a 
quenchant and is effectively used over a range of 40-2 10° F. In many applications, 
the heat treater can choose between poly (alkylene) glycol in water over a wide range 
of concentrations ( water — 40% PAG); water over a range of40-190F, water or PAG 
in water spray with a variable rate of flows and cooling characteristics, and air for a 
slower rate of cooling. The successful implementation of separation technologies 
(thermal and membrane) has allowed for concentration changes upon demand. 
Chillers and tank heaters provide rapid quenchant temperature changes and 
recovery, and filtration improvements provide very clean quench tanks. Con- 
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centration, dissolved solids, pH, temperature, refractive index and conductivity are 
all monitored in the quench tank and corrective actions are initiated in order to 
control the characteristics of the quench. 

Quenchant agitation rates are controlled over a defined range to provide vari- 
able agitation from still to 2-3 fps velocities. Pump, propeller or eductor agitation 
devices are all used successfully, depending upon the characteristics of the load. 
Figure 3 shows agitation devices on a solution heat treat drop-bottom furnace. 
Tanks are typically mobile for ease of loading /unloading and maintenance. Splash, 
free board, and movement of mobile tanks are carefully controlled. Liquid is trans- 
ferred to and from the above ground tanks through hoses mounted in mobile hose 
carriers. Metallurgical requirements for heat treatable aluminum alloys include a 
cooling rate of 200°-1000°F per second in the temperature range of 800°-500°F. 
These cooling rates are controlled by varying the quenchant temperature, poly 
(alkylene) glycol concentration, quenchant agitation rate, and speed of entry into 
the quench. 

Aluminum heat treat furnaces are designed so that the temperature rise in the 
recirculated air as it passes the heat source is the same as the sum of all the tem- 
perature losses in the air as it passes the load, walls, openings, and exhaust. Whenever 
a diagnostic is required regarding a change in basic heat transfer characteristics of a 
furnace system, the components to this heat transfer equation must be analyzed 
to see what has changed. Changes in temperature uniformity conditions within a 
heat treat chamber are generally a result of one or more of the following: 

• The volume of recirculated air has changed. Temperature uniformity is 
directly proportional to recirculated airflow. 

• Cold air is being aspirated through an opening. 

• Hot air from the heat source is being entrained in the air stream and is not 
adequately mixed before entering the work chamber. 

• The recirculated air is missing the heat source. 

• The load has changed. 

• The thermocouples sensing the delivered air temperature are out of the air 
stream or inaccurate. 

• The control instrument is inaccurate. 

• The insulation has been damaged or deteriorated. 

Cold air entrainment is best diagnosed by evaluating door, roller, and conveyor 
opening seals. Cold spots found in thermal surveys are almost always near doors or 
in areas within the work zone farthest away from the fan. Drop-bottom solution 
furnaces are twice as troublesome because the area directly above the seal between 
the split door halves is also the farthest from the fan. If air is leaking past the seam 
between the door halves, the negative pressure caused by the fan suction will almost 
certainly cause a non-uniform condition in the air pathway to the return duct. 
The best way to repair this problem is to repair the door seal. One diagnostic to 
find cold air infiltration is to evaluate the thermal surveys and to use smoke or light 
flags to spot areas of inflow. Another way to correct cold spots is to increase 
the positive pressure within the chamber by increasing the ratio between fresh 
air admitted and exhaust air discharged. This change in ratio causes a more positive 
pressure within the chamber, which tends to force the chamber to fill with hotter 
air. The resulting hot air blowout can cause other related problems. 
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Air delivered from the recirculating fan tends to build up at the ends of the 
supply duct. The middle of the duct is often supplied with less air. Louver adjustment 
generally involves opening the slots in areas with slower rates of heat-up and closing 
slots with faster heat-up rates. Many ductwork designs for solution systems target a 
pressure drop of 1" (water column) across the louver opening. This equates to 
an outlet velocity of approximately 4,000-fpm average for the entire opening area. 
The amperage draw on the recirculation fan motor can reveal much about the airflow 
path. If the motor is drawing too much amperage, the ductwork is too open, and the 
dampers or louver adjustments need to be closed some. If the motor is drawing under 
the rated current, the path is too restricted, limiting the volume of recirculated air. If 
the fan is controlled by a variable frequency drive ( VFD), adjustments can be made 
to get the most of the power of the recirculation fan motor. 

Natural gas-fired furnaces present unique diagnostic problems. The flame relay 
will not allow the natural gas safety shut-off valve to remain open if certain safety 
conditions are not met. These safety conditions include: 

• Over-temperature condition within the furnace 

• High natural gas pressure 

• Low natural gas pressure 

• Low combustion air pressure 

• Absence of flame after the trial for ignition 

• Loss of recirculated air flow 

• Loss of exhaust flow 

Any of these adverse conditions will cause the safety shut-off and the blocking 
valves to automatically go to the closed position. Check the strength of the flame 
sensor signal, and check the condition of the lens on ultraviolet detectors. Check 
the depth and location of flame rods. Check all belts on recirculation, exhaust, 
and combustion fans. Fan belts need to be checked for tightness at least quarterly. 
Also, listen for belt squealing, a sure sign of loose fan belts. 

Increasing numbers of heat treatable aluminum alloys and the diversity of pro- 
cess parameters required to optimize metallurgical properties have created the need 
for versatility in aluminum solution heat treatment drop-bottom furnace systems. 
The broadening need for parts-driven process capabilities has been paralleled with 
advancements in PC/PLC controls and in adaptations of technologies necessary 
to achieve the required process versatility. 

Salt bath furnaces are often used to solution heat treat aluminum parts. Molten 
potassium and sodium nitrate /nitrite salts are used as the heat transfer medium. 
Potassium or sodium chromate salts are often added to the baths to maintain 
neutrality. Salt-bath furnaces offer the advantages of rapid heat up and short process 
cycles. However, there are physical and environmental limitations to the use of 
salt-bath furnaces for heat treating aluminum. 

Salt bath furnaces require fast cranes to remove the workload from the salt 
bath and translate it to the quench tank. This requires three motions: up out of 
the salt bath furnace, translate over the quench tank, then down to immerse the 
workload into the quench tank. Because of this complicated movement, monitoring 
of the quench delay time is important. 

Salt bath furnaces are always heated internally. This can be accomplished using 
natural gas in immersed radiant tubes or directly heated using immersed electric 
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heating elements. Agitation of the salt bath furnace is usually required to maintain 
temperature uniformity. However, because of the thermal mass of the molten salt, 
the temperature uniformity is excellent - usually much better than ±5°F. Salt bath 
furnaces are usually best left at a single temperature because of the thermal mass 
of the salt. If temperature changes are required, long heat-up or cool down periods 
are required. Figure 28 and Figure 29 show typical salt bath installations for solution 
heat treating aluminum. 

Fluidized bed furnaces are similar in concept to a salt-bath furnace. The 
motions necessary to quench a furnace load are identical. Heat-up is rapid, and there 
is little environmental impact. Fluidized bed furnaces include a reservoir filled with a 
solid heat transfer media such as sand. A gas /air mixture is blown into the sand bed 
at the bottom by means of a forced air distribution system, which fluidizes the media 
mass. A pilot burner above the surface of the bed ignites the gas/ air mixture. A layer 
of combustion takes place on top of the fluid bed. The resulting combustion heat is 
directly absorbed by the sand bed and heats up quickly and evenly due to the con- 
stant fluidizing. 

Because a fluidized bed behaves as a boiling liquid, the media mass retains a 
very even temperature throughout the whole reservoir. The operating temperature 
is adjustable. 

For solution heat treatment, the aluminum is lowered into the fluidized bed. 
The hot media transfers heat into the aluminum very rapidly. The heat transfer 
coefficient is greatly enhanced by the increased density and viscosity of the heat 
transfer media. Heat transfer is also more uniform than heat transfer within an 
air furnace. The operating costs of heating a solid media such as sand must be 
weighed against the savings from decreased heat-up and cycle times. If the parts 
being heat-treated are subject to distortion, the rapid heat-up characteristics can 
shock certain sections; however, generally warping is decreased due to the uniformity 
of heat transfer around all surfaces of the part. 

4.2 Quenching Facilities and Quenchants 

Quench tank design is difficult, and not well understood. The fluid used, 
temperature, flow and parts configuration all interact during the quench cycle. It 
is very difficult to exactly predict the outcome in the production environment. 

Quenching aluminum parts can typically two types: Sheet metal parts and parts 
up to | thickness, heavy gauge parts which have more than ± thick cross sections. 
The load configuration, the quenchants used for the quench, agitation rate, total 
load weight and the density of the load on the racks all impact successful design 
of a quench system. 

4.3 Basic Quench Tank Design 

The basic quench tank design takes following considerations into account: 

• Material selection 

• Heat load 

• Agitation 

• Part Racking and Baskets 

• Cooling/Heating 
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• Fluid Maintenance 

• Concentration control and separation methods 


4.4 Material Selection 

Aluminum can be affected by free iron (rust) in the quench bath during the 
quenching. Surface corrosion is particularly troublesome with sheet metal parts. 
The corrosion will show up as dark splotches that with closer examination reveal 
a black spot in the center (iron particle). Free iron is not the only cause for surface 
corrosion but can be a contributor. Other contributors to surface blemishes or 
corrosion can be contamination of the parts by oil, cutting fluids and poor material 
handling before entry to heat treat. This is generally not a problem for castings 
and forgings, because the surface is generally machined after heat treatment. 
The main source for the free iron is the tank wall and agitation system if the tank 
is made from mild steel. Secondary sources can be racks and fixtures. The piping 
materials used for agitation and pumping can also be a source for iron and rust 
contamination. 

With the above in mind, the tanks for the heavy castings and forgings are 
normally made from mild steel with stainless baffles, agitators and elevators. 
The tanks for sheet metal parts are normally made from stainless steel with all 
internal components made from stainless. Most of the piping will be made from 
CPVC or stainless for water and hot water quench tanks. For PAG-containing 
quench tanks, the shell and components can be made from mild steel since these 
quenchants usually contain a rust inhibitor. The use of a light gage stainless steel 
insert has also been used successfully in several aerospace companies. This method 
offers the advantage of inexpensive structural tank construction, with the advan- 
tages of corrosion protection provided by the stainless steel insert. 

Several coatings on mild steel have been tried over the years with various 
successes. The most successful is a two component epoxy coating. However, 
PAG and hot water has a tendency to lift this coating from the metal. This is 
especially true where mechanical damage has occurred. Coatings are normally used 
as a cost saving compared to the use of stainless steel. A stainless steel insert is 
preferred since the cost of replacements and repairs to the coatings will exceed 
the initial high cost of the stainless steel lining. 

The use of PVC and CPVC piping can be used if care is taken to protect the 
piping from the hot load and direct heat from the open furnace. It must always 
be remembered that Murphy’s Law will ensure that the tank and piping will be 
exposed to the full heat of the furnace when it is stuck under the furnace during 
quenching or a hot basket is hung in the furnace. 


4.5 Heat load 

Per most of the Aluminum specifications, the tank shall be sized so the temperature 
rise does not exceed 10°F for parts processed in accordance with AMS 2750 during 
quenching. The automotive industry allows a higher temperature rise for castings 
and forgings; typically, 20° F. In the following example, the parts are 5000 pounds 
of Aluminum racked on a 1500 pounds steel rack. The temperature of the water 
quench is 160°F. The parts and rack are heated to 1000°F in the furnace. 
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The definition of a BTU ( British Thermal Unit) is the amount of heat it takes to 
heat one pound of water 1°F. The basic formula for finding the amount of water in a 
quench tank to keep the temperature rise at 10°F is shown below. 

A I 1 p: |1 s 

where AFI parts is the heat given up by the parts (and rack) during quenching from the 
solution heat treating temperature, (BTU) and AT is the allowed temperature rise 
(°F). In this instance, the allowable temperature rise is 10°F. 

In this example, the parts are at 1000°F hot at the start of the quench and is 
quenched in 160°F water. The BTU’s given to the water is shown below. 


Heat load calculation: 


Aluminum: 

(Start temp-End temp) x 
weight 

specific 

heat x 

load 

= BTU 

Steel 

(Start temp-End temp) x 
weight 

specific 

heat x 

load 

= BTU 


Total 





Example: 






Aluminum: 

( 1 000- 1 60) x. 22x 5000 




= 924,000 BTU 

Steel 

(1000-160) x. 15 x 1500 




= 189,000 BTU 


Total 




1,113,000 BTU 


The water volume will now be calculated by dividing the total BTU’s with the 
allowed temperature rise. 

Water volume in gallons: 

Total BTU = Gallons 

Temperature rise x 8.34 pounds 

Example: 

1,113,000 = 13,345 Gallons 

10 x 8.34 pounds 


As shown in the example the tank volume must be a minimum of 13,345 gallons 
of water to ensure that the quench temperature does not rise more than the specified 
10°F. Standard practices do not include the heat requirement for heating the tank 
shell and other components that get in direct contact with the quench. This provides 
an additional safety factor for temperature rise. 

This calculation should always be done to determine the minimum volume of 
the tank. In addition to the volume, the size of the tank must also accommodate 
the parts and rack being processed. Sufficient clearance is needed for the 
instrumentation, agitation and for the maintenance access to components. The next 
step in the process is to consider the required agitation rate for the type of product 
processed in the quench facility. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Heat Treating Processes and Equipment 


943 


4.5 Agitation design and considerations 

Agitation and design of agitation systems has been covered in the literature [105] 
[10]. Agitation design has over time been specified as changeovers of tank volumes 
(Gallons per hour), description of surface movement (Babbling brook) or measured 
flow past the parts in feet /sec. The best way to specify the quench flow is a calculated 
or measured flow past the parts. The maximum flow that should be specified for 
aluminum batch quenching with water or PAG (Poly Alkylene Glycol) is in the area 
of .8-1.2 feet/ sec past the parts. Higher flow will not add to the cooling of the parts 
unless spray quenching is used. However, this amount of quench fluid might be 
impossible to move. It will in some cases mean the complete tank volume must 
be changed over every 1-3 minutes. This is not practical in large tanks. Many tanks 
are successfully producing heavy gage parts with measured flows in the area of 
0.25-0.4 feet/ sec. 

The main difference between sheet metal quenching and the heavy gauge load is 
the fact that sheet metal will normally be cooled by the time the parts reaches the 
bottom of the quench bath. The hoist or elevator provides the main means of agi- 
tation for the cooling cycle, while the agitator system only need to provide proper 
mixing and uniformity of the tank before and during the quench. Figure 30 illustrates 
the different travel distances obtained at different hoist speeds. As a general rule for 
sheet metal parts, the hoist speed should be as slow as possible to avoid high 
hydraulic forces on the soft metal. The quench must still be completed within 
the allowable quench delay for the type of metal and furnace used. The slower speed 
will reduce distortion of the part. To accommodate this the travel distance from 
furnace to quench must be as short as possible. New drop bottom furnaces with 
moveable quench carts are superior designs compared to older pit type drop bottoms 
in this regard. 

Travel 1 ftfsec 
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Modern technology and computer simulation has allowed designers and pro- 
cess engineers to design quench systems without expensive trial and error type 
approaches. The best flow possible around a part is a linear flow with enough tur- 
bulence to get into the nooks and crannies of the part to break up the vapor layer 
and provide the required cooling. Racking methods and flow design must accom- 
modate this. The bottom to top flow is preferred since it will utilize the mechanical 
agitation from the agitator and the agitation from steam formation and thus increase 
the total flow around the parts. The use of finite element analyses gives the designer a 
good tool to start with. The tools available are mechanical tank modeling and Com- 
putational Fluid Dynamics (CFD). 


4.7 Mechanical tank modeling 

The use of mechanical tank modeling can give very good direction for how to design 
an agitation system. The simulation of loads and flows will be able to solve almost 
any questions related to the quench tank. However, the design and building of 
the models are time consuming and expensive. Secondly, scaling-up the model to 
the finished tanks size and product might not be a straightforward process. An illus- 
tration of mechanical tank simulation is shown in Figure 31. 



Figure 31 Tank used for flow modeling of a proposed quench tank. 
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Figure 32 Illustration of boundary conditions used for finite element modeling of flow. 


4.8 Finite Element Analyses 

The use of computer modeling for quench tank and furnace design has used to verify 
and predict the mechanical design and process variables. As the capability and 
sophistication of new computer hardware and software improves, it is very easy 
to calculate and visualize the fluid flow process. Typically, the whole tank or a section 
of the tank is modeled as shown in Figure 32. The dotted line shown in Figure 32 
depicts the model area used in the program. The velocity vector diagram shows dif- 
ferent areas of the tank with different flow. This diagram is shown in Figure 33. 

With the initial modeling completed, it is possible to review and change par- 
ameters and then observe the calculated results. As shown in Figure 33, it appears 
that a low flow area exists towards the center of the tank on the bottom. This 
low flow area had caused several large machined parts to be “soft” after final pre- 
cipitation hardening due to inadequate quench cooling of the part. The next step 
was to model different methods of generating more flow in the area where the parts 
were placed during the quench. Eductors and flow directors were used in addition 
to inserting a baffle wall to direct the fluid more up through the parts (Figure 34). 
When dealing with quenchants it must be noted that direct high velocity 
impingement of the fluid against the part must be avoided to ensure that spot cooling 
does not occur. Spot cooling can cause severe distortion and uneven properties in the 
finished product. 
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Figure 33 Resultant Computational Fluid Dynamics (CFD) model showing velocity 
vectors of a quench tank with a single impeller in the corner of the tank. 
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Figure 34 CFD model of two different configurations of a quench tank using an eductor. 
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Figure 35 Schematic showing probable flow pattern for a single draft-type tube, with quiet 
region in the center of the tank. 


Flow modeling is a powerful and versatile tool enabling the designer and pro- 
cess engineer to make decisions necessary to design a good quench system. When 
the modeling is completed, a tank can be built and will most likely produce good 
quality parts. 

The testing and modeling shows that tanks typically has high and low flow 
areas in the patterns shown on Figure 35, Figure 36, and Figure 37. Flow can 
be generated from one side, center or both sides and the corresponding flows 
and low flow areas are shown on Figure 35 through Figure 37. The shaded areas 
indicate low flow conditions and these areas are natural to the flow conditions. 
It is very difficult to change this without significant additions for pumping and flow 
devices. These devices will normally not improve the quench quality significantly 
to justify the expenditure of modifying the equipment. It is advised to move the 
parts and rack to areas where the natural flow help improve the flow instead of 
hindering the quenchants flow around the parts. This is illustrated in Figure 38 where 
the basket is placed in the highest flow area. The addition of perforated plates and 
flow vanes can help direct the quenchants [105], 


4.9 Parts testing 

Parts testing are typically used when existing equipment is used for new products or 
for improvements of product processes. A proper test plan must be developed that 
addresses the areas that can affect the part. Placement of the part in the tank. 
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Figure 38 Effect of flow and location of load basket for the best location of quenching. 


orientation of the part in the tank and areas of high and low flow in the tank. It is very 
important to find out where the flow is in the tank by mapping it with a flow meter. 
An open type flow meter is preferred compared to a closed type flow meter as shown 
in Figure 39. 

The measurements of the flow will normally be taken without parts in the tank. 
When the parts displace space and volume in the tank the speed of the quench around 
the parts goes up. In addition to this, the thermal action of the rising heated quench 
from the contact with the parts will add to the velocity of the quench past the parts. 
With this in mind it is understandable that tanks with less than desired flows empty 
as described in this chapter can in fact produce satisfactory parts. 


4.10 Flow Generation 

Flow is generated utilizing several methods. Pumping and the use of different types 
of propeller agitation provide the most common method. Part or basket movement 
is used on rare occasions. It is important to realize that quench agitation is different 
than mixing of chemicals. Heat-treat facilities are specifically looking for the linear 
flow with some turbulence past the part that gives the best and most efficient cooling 
of the part in a predictable manner across the whole section of the product rack or 
part each time a quench is performed. 
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Figure 39 Two different types of flow measurement devices. 


4.11 Pumping Agitation 

Pumping is versatile and does not take up much space in the tank since sparger pipes; 
eductors and nozzles can be tucked close to the sidewall or bottom of the tank. 
Pumping has a low efficiency per gallon of quench moved compared to other types 
of agitation devices especially draft tube designs. The use of an eductor can signifi- 
cantly increase the amount of quench moved inside the tank. The volume goes 
up by a factor of four and the velocity goes down with the same factor. However, 
the overall flow generated will be sufficient to make a good quench. Figure 40 shows 
a schematic of an eductor and the generated flows. Compared to nozzles the eductor 
provides a better distributing of the flow and does not generate point cooling of parts 
by hitting the part with a very high velocity of fluid at a concentrated spot. 


4.12 Propeller Agitation 

Propeller agitation is divided between open placement and agitation tube placement. 
In addition there are marine type propellers and airfoil type propellers used for agi- 
tation purposes. The following will describe the different steps required to decide 
which system will work the best. The open type propellers are most commonly used 
in side mounted systems for example integral quench furnace. These propellers 
are typically marine type propellers. Marine type propellers are slow spinning com- 
pared to airfoil type propellers. The swirling action of the quench when it leaves 
the propeller tips generates a good non-linear flow. However, the flow is very uneven 
and can affect properties in the parts. The horsepower requirements are large com- 
pared to airfoil type systems, however it is less than pumping. Table 27 shows a 
comparison of the required horsepower (energy) between pumping and draft-tubes. 
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1800 GPM 

Total Flow 7200 OFlVI 


Figure 40 Schematic of an eductor. 

Table 27 Comparison Between Airfoil-Type Draft-Tubes and Pumping Horsepower for 
Different Volumes of Water 


Propeller Agitators Pump Agitators 


Propeller type 

HP 

RPM 

GPM 

Pump 

PSI 

HP 

13.5" airfoil 

5.5 

810 

5600 

End suction 

20 

75.5 

13.5" airfoil 

2.0 

520 

3200 

End suction 

20 

42.6 

13.5" airfoil 

1.0 

426 

2950 

End suction 

20 

39.0 


The draft-tube is widely used in the larger open tank systems. The draft tube 
consists of a propeller (airfoil or marine type) placed inside a tube. The placement 
of the propeller inside the tube increases the efficiency of the prop in addition to 
giving the designer the ability to direct the quench flow in a more controlled 
and predictable manner. Figure 41 shows typical placements of agitation tubes 
in square tanks. The draft tube design has been covered in detail [106]. Figure 42 
shows a typical schematic for a draft tube. The distance from the water to the edge 
of the flared tube, entrance must be big enough to prevent air from being pulled 
down into the tube and thus creating bubbles in the quench. The bubbles can create 
an insulating layer on the parts and must be avoided in the quench tank. Several 
methods are available to prevent the vortex from being started. One way is to place 
a flat plate 2 inches under the surface and force the water to enter the agitator 
in a more horizontal manner. This will create a slight restriction in the inlet but 
normally this will not reduce the volume significantly. The other method is to place 
the propeller and the flared cone deep enough to prevent the inlet vortex from 
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Figure 41 Typical locations of agitation tubes in rectangular tanks. 



Figure 42 Typical schematic for a draft-tube type agitator. 


forming. Flow modeling and field measurements [106] proved that additional flow of 
up to 20% could be generated in the tank. Placing parts baskets in the maximum 
natural flow area and using the proper method for generating the flow will ensure 
the best quenching possible. 

For example, a 15,000 Gallon quench tank was agitated by three large side 
mounted marine type propellers. The quench area for the parts was in the top 16" 
' of the tank since parts were quenched one at a time every 20-30 seconds. The flow 
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Figure 43 Flow in a large 15,000 gallon quench tank, agitated by three large side mounted 
marine propellers. 


was very strong but uneven as shown on Figure 43. Several methods were used to 
solve the problem. Baffling and flow direction vanes did very little to even the flow 
out. The final fix was to install a perforated plate under the parts. The perforated 
plate/plenum created a very even and desirable flow. Figure 44 shows the surface 
of the tank after the installation of the plenum and a 2" “crown” can be seen in 
the middle of the tank where the quench is forced up and then returns to each side 
of the tank. The use of perforated plenums in conjunction with tube or open type 
agitators is very successful in generating controlled even flows. 

The configuration of the rack must not restrict the airflow during the heat treat 
or the quench flow to the parts during quenching. The racks should be designed and 
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Figure 44 Flow of 15,000 gallon tank after modifications to quench system. These modi- 
fications included baffling, and the addition of a perforated plate underneath the load basket. 


constructed with the rack weight as low as possible compared to the parts. The con- 
tinuous heating and cooling of the fixtures /rack is a waste of energy and causes 
the requirement for additional cooling capacity for removing the heat from the 
quenchant. 

The rack must be fabricated of materials that can endure the repeated heating 
and cooling cycles without any detrimental effect on the rack. (Distortion or 
cracking.) The racks must be pinned and bolted together to allow the rack to expand 
and contract without restriction during the heating and cooling. Welding must be 
eliminated as much as possible since they have a high tendency to crack. The 
use of tubing especially 4130 steel tubing has been very successful throughout 
the aluminum aerospace industry with racks that heat to maximum 1050°F. These 
production racks have thousands of cycles without any repairs or distortion. 
For temperatures above 1050°F other material is required. The round tube or 
rod shape is preferred to structural shapes like I beams or C channels. I beams 
and C channels will cool not cool evenly during the quench and distort severely 
after a few quenches 

The load configuration is probably the most important aspect of heat-treating 
any parts. The load must be configured to allow the air to heat the parts during 
the heat cycle and the parts must be spaced so the quench has access to all surfaces 
and can remove the heat quickly during the quench cycle. There is a tendency to 
pack same size and configured parts tightly on the racks and this can have very 
detrimental effect on the process. The tightly packed parts can have significant dif- 
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Figure 45 An example of good racking practice allowing adequate space between parts and 
racked for minimum distortion during quenching. 


ferent properties after heat treat than the same parts spaced properly on the fixture. 
This in fact ties back to the problem with tank modeling and parts testing for design 
of quench tanks. If single parts or small load are used for this testing, the results can 
be different than the actual production loads. 

The rule of thumb is that there must be a minimum of 1 inch plus the thickest 
part of the material between each part to achieve good heat transfer. An example 
of good racking practice is shown in Figure 45. 

Care must be taken when racking the parts. As show in Figure 46 it can sig- 
nificantly change the process when different approaches is used for hanging the same 
part. The main concern in the example shown in Figure 46 is the fact that the steel rod 
has a different cool down rate than the aluminum and the part might have a “soft” 
spot where the rod is in contact with the part due to slow cooling and slow heat 
up during the solution heat treat cycle. The rod is preventing proper access and 
cooling for the quench. The use of thin wall tubing /pipe for hanging the parts is 
preferred compared to solid rod. 

The size of the rod or tube supporting the part is important. Since the alumi- 
num part at solution heat treating temperatures is weak and very plastic, 
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Figure 46 Schematic representation of the use of tubing for par support. 


deformation can occur from the support. This is shown in Figure 47. In this instance, 
a small tube was used to support the part through a hole. However, because the 
weight of the part, the hole deformed, matching the radius of the rod. The use 
of a larger diameter tube spread the weight of the part over a greater area, reducing 
the apparent deformation. 

The quench tank must be equipped with a mean of heating if the tank is used for 
hot water quenching. The heating can be done with steam, natural gas or electric. 
The most commonly used heating media is a submerged burner tube fired by natural 
gas or electric heating elements submerged directly in the tank. Flow through electric 
heaters are also used. A heat up time of 6-8 hours is normally used. During pro- 
duction, the parts that are quenched provide the heat. The control for the heating 
is generally an on/off system. There are no requirements for PID control due to 
the very slow response time on the tanks. Agitation is usually interlocked with 
the heaters to ensure that there is good flow across the heaters and temperature 
uniformity is achieved in the tank during the heat-up. 

For temperatures above 160°F, the quench tanks and piping must be insulated 
or guarded to protect personnel. In addition, the insulation will cut down on the heat 
losses during slow production and weekends and in that way save energy for heating 
the quench. Some areas of the country have very hard water and calcium deposits on 
heating elements can cause damage. 

The cooling of the tanks is done by the use of heat exchangers or chiller. The 
heat exchangers can be water/water or water/air. Water air exchangers are placed 
either inside or outside of the buildings. For exchangers placed outside provisions 
shall be made for freeze protection in the winter and if located inside it is rec- 
ommended to duct the exhaust to the outside to prevent and significant heat load 
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Figure 47 Deformation around a hole caused by the use of a small diameter rod for support 
duriong solution heat treatment. 


being added to the factory. Figure 48 shows a typical schematic for a cooling loop on 
a quench tank. 

The sizing of the cooling systems will depend on how fast the tank is required to 
recover to the start temperature. To find the required size of the cooling system, the 
removed BTU per hour must be divided by 12000 to obtain the size of the refriger- 
ation system (in tons). 

As an example, it was previously determined that the parts transfer 1,1 13,000 
BTU to the water during quenching. If the system is quenching every two hours, 
the heat load must be removed in two hours. This would indicate that 46.4 tons 
of cooling capacity are required (1,113,000 BTU/2 hours/ 12,000 BTU per 
Ton = 46.4). 

Air to air heat exchangers, swamp coolers and cooling towers must be sized 
according to the geographical area of the equipment, and the desired quench 
temperature. A 120°F quench temperature cooled with an air-to-air heat exchanger 
or swamp cooler in Galveston Texas will not provide sufficient cooling during 
the summer time. The same system placed in Seattle or Denver will have a much 
better chance of working properly all year round. 

The cleanliness of the quench is an important factor in the quench system. A 
dirty contaminated quench bath can have significantly different quench qualities 
and cooling capabilities than a clean bath. Contamination can be categorized as 
particle contamination, chemical contamination and biological contamination. 

Particle contamination can come from several sources, tank and rack scale, 
sand and dirt from the factory environment or from the manufacturing of the part 
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Figure 48 Typical schematic for a quench tank cooling loop. 


itself. Casting and forgings often produce contamination to the quench tank. One of 
the release agents used in the forging process is graphite. The graphite adheres to the 
parts and is removed during quenching. Sand casting may entrain sand from the 
casting process. Filters are employed to remove dirt from the tank to maintain a 
reasonable clean quench. The filters must be sized to allow for maintenance. If they 
are too small, the changing /cleaning will be to big a burden and if they are too big, 
the equipment cost will be excessive. It is important to get a good picture of the 
dirt loading in the tank before the design is decided for the filtering system. Bag 
filters or cartridge filters are the most common used filter types. Typically, the filter 
sizes are in the 5-10 micron range. For sand removal, centrifuge type filters is used 
and conveyor systems for the heavier loading. 

The use of PAG has added some additional requirements to the heat-treat 
operation. The PAG quenchants consists of polymers and several different additives. 
The polymer molecule does not change much during the life of the bath, which can be 
several years in a properly maintained system. However, some of the components 
can disappear over time. The corrosion inhibitor (Sodium Nitrate) can be diluted 
and removed with some concentration methods and the pH level can change. 
Low pH levels can damage parts by an etching effect. The supplier of the polymers 
will be able to assist in testing and replenishments of the chemicals as needed to 
maintain the bath. This service will with the larger suppliers be part of the contract 
for delivering the quenchant. Any changes that are not detected can be detrimental 
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to the performance of the quench system. The heat-treating facility must implement 
a regimented quality assurance program that will detect problems in the quench 
before they become detrimental to the process. 

Aqueous solutions will experience bacteria and algae growth if there are no 
biocides present. Bacteria growth can cause corrosion of parts (MIC, Micro Induced 
Corrosion) and can detrimentally affect membranes used for separation in recla- 
mation systems. The bacteria can also reduce the sodium nitrate in the bath if they 
are anhydrous bacteria. Algae will coat the insides of the tanks and piping and will 
result in incorrect concentration data. Biocides are used with various successes 
to control the problem. Biocides with Glutealdehyde are the most commonly used. 
They last from 10-21 days in the bath and must be replenished periodically to remain 
effective. The amount varies according to contamination levels however, 150-250 
parts per million (ppm) will normally be added every two weeks and can keep 
the bath in complete control. It is highly recommended to use an automatic injection 
system to limit the workers exposure to the very toxic materials used in the biocides. 
Figure 49 and Figure 50 show typical injection systems.) Shop test procedures that 
check for bacteria and fungi will tell the operators of the need to treat the bath. 
Small paddle sticks such as those shown in Figure 5 1 are used for this testing with 
satisfactory results. An occasional change of biocide will keep the bacteria from 
becoming resistant to the product. 

Concentration measurements for the PAG quench systems are accomplished 
using densitometers, refractometers, and viscosity meters. The concentration of 
the polymer in the quench bath is one of the most significant influences on the fin- 
ished product. The cleanliness of the bath directly influences the accuracy of the 



Figure 49 Biocide injection schematic. 
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Figure 50 Biocide injection tank with distribution manifold. The metering pumps are not 
shown on the picture. 


measurements. Several of the instruments require frequent calibration, which adds 
to the maintenance burden in the factory. The electronic refractive index monitor 
with remote sensing and optional connection to a PLC has proven to be very stable 
if the solution is conditioned and filtered. The accuracy levels are within ±0.5% over 
time with only very limited maintenance requirements. 

With the use of PLC and operator interfaces, concentration changes tailored to 
the product can be carried out accurately and quickly. The use of fully automatic 
systems has proven somewhat impractical since troubleshooting becomes difficult. 
For example, the status of the filling and draining operations are hard to monitor. 
Startup and commissioning of fully automatic systems are longer and more expen- 
sive compared to semiautomatic systems where an operator initiates each. When 
the operator initiates each phase the system has proven more robust and less 
troublesome. 

The cost of PAG is about $ 10— $1 5 a gallon. With the development of fully 
closed loop systems with variable concentration control and conditioning, the costs 
of PAG replacement have drastically decreased in comparison to previous practice 
when rinse water was flushed to a drain causing drag-out from the quench tank 
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Figure 51 Typical test paddle for quenchants and aqueous cutting fluids. 


to be lost. The typical drag out from a 20% PAG solution Type 1 (For example Aqua 
Quench 260, 251 and 365) is in the range of .001 to .0015 ounces per square inch of 
material. The capital cost of installing these systems must be compared to the savings 
in PAG replacement cost. The reduction of fire hazards and environmental concerns 
in conjunction with the quench process are also items to be considered. Wastewater 
reduction is also a major factor especially in areas where water is a treasured com- 
modity. 

There are two (2) ways of separating PAG from the water: heat separation; and 
membrane separation. 

The oldest and possible most common used separation methods is done by 
heating a tank, as illustrated in Figure 52, to about 165-185°F. The PAG will settle 
out to the bottom unless there are considerable amounts of salt present in which 
case it settles to the top. The water is then siphoned off and a new batch can be mixed. 

Membrane separation utilizes a micro-filtration unit to effect separation of the 
polymer quenchant from water. Essentially, because of the differences in size 
between the quenchants and water, micro-filtration can be readily accomplished. 
Figure 53 illustrates a typical closed loop quench system with RO separation. In 
this method the PAG is separated from the water using membranes that allow 
the water to pass but reject PAG and salt which stay on the process side of the 
membranes. The water (Permeate) is stored in a water tank for later use or sent 
to drain. This technology does not work well in conjunction with salt baths or steel 
heat treat since the salt concentration in the PAG will increase during the concen- 
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Figure 52 The three steps necessary for re-concentrating PAG by batch heat separation. 


tration cycle. Salt is not desired in the quench bath since it can cause corrosion on the 
parts and significantly change the quenchants-cooling curve. Steel scale and free iron 
will damage the membranes and must be removed from the solution before it reaches 
the RO machine. 

A new method has been developed and implemented that uses the heat 
separation. The first design work was done in 1995 and laboratory testing by 
the author was completed in 1996. Four commercially production systems are cur- 
rently installed at four different locations in the aerospace industry. These systems 
were installed in 1998/1999. Figure 54 shows the schematic for this system. Note 
that the process tank is optional compared to the RO system shown in Figure 
53. The heat separation method does not utilize membranes and is not sensitive 
to salt or iron in the bath. Production testing concentrated a 1% PAG solution into 
a 60% solution and clean water in one pass at a rate of 1 gallon per minute. Other 
concentrations included 22% PAG where the recovery rate also generated up to 
60% PAG on the product side of the stream and clean water on the other side. 
The system is very compact, robust and less costly than RO separation. The built-in 
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Figure 53 Membrane filter system schematic. 
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heat recovery by using heat exchangers cut energy cost by up to 50% for 
re-concentration /reclamation compared to RO or standard heat separation 
methods. Additional development is in progress to make the system more affordable 
to the general heat-treat industry. 


5 QUALITY CONTROL AND QUALITY ASSURANCE 

Heat-treating is critical to the performance of many aluminum parts. Nearly all 
aerospace aluminum components are heat treated, as well as many automotive 
components. Failure to properly heat-treat a part could have catastrophic conse- 
quences in terms of life, property and liability. Therefore it is critical that the heat 
treater have the processes and procedures in place that will insure that only a prop- 
erly heat-treated part will go through the door. It is also critically important that 
the heat treater have in-place procedures and practices to properly monitor equi- 
pment performing heat-treating. In addition, the heat treater must have a method- 
ology for dealing with non-conforming parts, and corrective action to rectify 
any problems. Properties that are monitored on parts include tensile strength, 
fatigue, fracture toughness, hardness and conductivity. 

In general, the specifications for heat treatment will already have been pre- 
viously established. This includes record keeping, types of testing required and 
the frequency. Part-specific testing may also be mandated. However, in lieu of 
specific specification and quality criteria, good practice dictates that proper docu- 
mentation of procedures is necessary to insure consistent and reliable heat treatment 
of aluminum alloys. 

In terms of record keeping and documentation of procedures, it is a good idea 
to be maintained on file for at least four years, unless otherwise specified by contract. 
These records should include current and past records of process qualifications and 
process re-qualifications. Calibration records and calibration procedures should also 
be keep for four years. Calibration records should include the procedure used, results 
of the calibration and an equipment serial number or property number. This insures 
the results of calibration are traceable to specific pieces of equipment. 

The test results, including hardness, conductivity, tensile, fatigue and fracture 
toughness records should be maintained. If possible, this should be kept with 
the part serialization, or if the parts are not serialized, then with the order and 
heat-treat lot. Temperature records, including temperature charts should also be 
maintained with the test result records. 

In addition, records should be kept to document any changes in the heat treat- 
ment or quenching practices. If any new equipment is installed, and it causes a 
change in the heat treatment or quenching practice, records should be kept that 
indicate the changes in process. Documentation should also be established if existing 
equipment utilizing standard practices produce unacceptable product. The correc- 
tive action taken should also be documented. 

In addition to the record retention, and the measurement of properties, other 
in-process test must be performed to insure reliable, efficient and consistent 
heat-treating. One of the most important tests usually required is the temperature 
uniformity survey. In this test, a series of thermocouples are used to measure 
how much the temperature changes within the furnace work zone. If the furnace 
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is used for solution heat treating, the usual temperature variation is ±10°F, centered 
about the process temperature. For precipitation hardening, the usual temperature 
variation is ±5°F, centered about the process temperature. This test is required 
as the furnace enters service, and whenever substantial changes are made to the 
furnace that might change the temperature uniformity. An example is rebuilding 
the refractory, installing different size recirculating fans, etc. 

The initial temperature survey is performed at the upper and lower operating 
temperatures used for all aluminum product heat-treated in this furnace. At least 
one test thermocouple for each 25 ft 3 of furnace volume is usually used. Up to 
40 thermocouple locations can be used to qualify a furnace, with a minimum 
of 9 thermocouples in the furnace work zone. The thermocouples are located 
at each corner of the furnace work zone, and have a thermocouple in the center 
of the work zone. In the case of a salt bath furnace, because of its greater thermal 
mass and uniformity, only one thermocouple per each 40 ft 3 of volume is usually 
used, with a minimum of 9 test locations. If the furnace is small, say less then 
9 ft 3 of volume, then only three thermocouples are generally used. These 
thermocouples are located at the top, center and bottom, or at the front, center 
and rear of the furnace. 

The temperature surveys are performed to reflect the standard operating 
procedures of the furnace. This means that an effort is made to test the actual 
temperature uniformity of the furnace during normal operating procedures. 
For example, this means that if the heat treated parts are introduced into the 
furnace, after the furnace is stabilized at temperature, then the temperature 
uniformity test is performed by introducing the thermocouples into a furnace 
stabilized at the desired temperature. If the parts are introduced into a cold fur- 
nace, and allowed to heat to the process temperature, then the thermocouples 
should be introduced into the cold furnace, and the furnace set to the desired 
test temperature. 

After the thermocouples have been inserted into the furnace, temperature 
reading should be taken frequently to determine when the temperature of the hottest 
part of the work zone reaches the bottom of the temperature range. 

The temperature of salt bath furnaces can be determined using a thermocouple 
encased in a protection tube. The furnace is manually probed using the thermocouple 
probe at each of the required locations (each corner and center). The thermocouple 
should be allowed to reach thermal equilibrium. Again, the temperature uniformity 
requirements should be maintained and documented. 

Solution heat treating furnaces should be surveyed every month, and 
precipitation-hardening furnaces should be surveyed every six months after the 
initial temperature uniformity survey. This assumes that the precipitation hardening 
furnaces continue to meet temperature uniformity requirements,. Often the 
six-month interval between temperature uniformity measurements can be reduced 
if the furnace has a multi-point recorder with load thermocouples. 

After insertion of the temperature sensing elements, readings should be taken 
frequently to determine when the temperature of the hottest region of the furnace 
or salt bath approaches the bottom of the temperature range being surveyed. After 
reaching the bottom of the temperature range being surveyed, temperature readings 
shall be taken at 2-minute intervals to ascertain any overshooting and thermal 
equilibrium. After thermal equilibrium is reached, readings should be taken at 
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5-minute intervals and for not less than 15 minutes to determine the recurrent tem- 
perature pattern. After thermal equilibrium is reached, the maximum temperature 
variation of all sensing elements shall not exceed 20° F and shall not vary outside 
the temperature range being surveyed. 

Monthly surveys for batch furnaces are not necessary if the furnace or bath 
is equipped with thermocouples located permanently in each of the 8 corners 
of the work zone. This generally allowed, if uniformity surveys show a history 
of satisfactory performance for a period of at least 6 months. The sensing 
thermocouples are installed to record the temperature of the heated media (air, 
salt, etc.) or actual metal temperatures. However, periodic surveys should also 
be made at 6 month intervals in accordance with the procedures outlined for 
the monthly survey. 

For continuous heat treating furnaces, the type of survey and the procedures 
for performing the survey should be established for each type of furnace involved. 
The types of continuous heat treating furnaces may vary considerably depending 
upon the product and sizes involved. For some types and sizes of furnaces, it 
is only practical to determine properties from actual parts. Recently new digital 
data acquisition devices are available that enable an in-situ temperature uniformity 
survey. Generally monthly and periodic surveys are made using load thermo- 
couples. 

The accuracy of temperature control systems is generally checked using a sep- 
arate thermocouple located within three inches of the process thermocouple. If 
the two thermocouples do not check within ±3°F, then the furnace should be shut 
down. Any work processed since the last thermocouple check should be impounded 
and verified for properties. The calibration of the thermocouples should be checked 
weekly to minimize drifting. This is critical because of the proximity of process tem- 
peratures to the liquidus temperature. Calibration of the check instrument and 
thermocouple should be made against NIST standards. 

Additional tests are necessary to insure that the furnace and process system are 
operating properly. These tests include monthly property testing for tensile pro- 
perties. Tensile testing is usually required monthly, for the alloys processed the pre- 
vious month. The testing is usually performed to either ASTM E8 or ASTM 
B557. A minimum of nine tensile tests is generally required. These test specimens 
are typically loaded into the furnace to reflect the high and low temperatures within 
the work-zone, and the fastest and slowest quenched region s in the furnace. If 
because of size, sampling from large forgings, castings or other large parts is 
impractical, then samples of similar thickness and alloy can be used to insure pro- 
perties. 

Additional testing is usually required to meet common heat treating 
specifications. This testing is accomplished using metallography on the heat-treated 
tensile specimens. These tests include eutectic melting, high temperature oxidation, 
alclad diffusion and intergranular corrosion testing. 

High-temperature oxidation and eutectic melting specimens from at least one 
of the heat-treated tensile samples are usually sectioned, and prepared 
metallographically. These specimens are also usually examined for evidence of eutec- 
tic melting by etching lightly with Keller’s etch. The prepared samples should show 
no signs of eutectic melting and be substantially free from high-temperature 
oxidation. 
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Intergranular corrosion testing is also conducted. In the case of aldad alloys, 
the alelad shall be removed from both sides of the sample by filing or by other suit- 
able means. Surface preparation of samples is accomplished by etching for 1 minute 
at 200° F to produce a uniform surface condition. This solution typically contains 
50 milliliters of concentrated Nitric acid, 5 milliliters of Hydrofluoric acid (48 
percent) and 945 milliliters of distilled or deionized water. Appropriate personal 
safety equipment should be worn at all times. 

After this etching treatment, the sample is rinsed in distilled or deionized water, 
immersed for 1 minute in concentrated nitric acid (70 percent) at room temperature 
to remove any metallic copper that may have been plated out on the specimen, rinsed 
in distilled or deionized water, and allowed to dry. The sample is immersed for 6 
hours at room temperature into a solution of 57 grams NaCl, 10ml H 2 0 2 , then 
diluted to 1 liter with distilled water. Multiple specimens may be immersed in 
the solution, if the specimens are electrically isolated from each other, and the quan- 
tity of solution is at least 30 milliliters per square inch of surface area of all the 
specimens. 

Once the specimens have been immersed for six hours, the specimens are 
removed from the solution and washed with distilled water and allowed to dry. 
Metallographic specimens are prepared and examined at 100X and 500X to deter- 
mine if any high temperature oxidation or eutectic melting has occurred. Generally 
the metallographic specimens are examined before and after etching with Keller’s 
etch. 

If the material is alelad, then additional tests to determine the extent of alelad 
diffusion is performed. If the sheet is less than 0.020” thick, then there is usually 
no requirement to examine for alelad diffusion. The extent of diffusion is determined 
by examining the metallographic specimens at 100X-1000X after etching with 
Keller’s etch. 

Typical inspection requirements are summarized shown in Table 28. Typical 
periodic monitoring requirements are shown in Table 29. 


Table 28 Typical Inspection Requirements for Aluminum Heat Treating 

Requirement Inspection Provision 


Process Qualification 


Inspection records and approval of changes in heat treating 
and quenching practices 

Furnace and salt bath temperature uniformity or batch and 

continuous furnaces 

Calibration procedures and records 


Periodic Process Surveys 


• New surveys for temperature and bath temperature 
uniformity 

• Monthly and Interval surveys on batch furnaces 


Periodic Monitoring 


• Spray quench equipment 

• Quench delay times 

• Monthly property testing of furnace capability 
(intergranular corrosion, eutectic melting and high 
temperature oxidation 
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Table 29 Typical Test Requirements for Periodic Monitoring 

Tests 


Material 

Mechanical 

Properties 1 

High 

Temperature 

Oxidation 2 

Intergranular 

Corrosion 3 

Alclad 
Diffusion 
(alclad only) 

Eutectic 

Melting 

Plate and Sheet 

X 

X 

X 4 

X 

X 

Castings 

X 

- 

- 

- 

X 

Bar, Rod, wire 
and Shapes 

X 

X 

X 4 


X 

Forgings 

X 

- 

- 


X 

Tubing 

Rivets and other 

X 

X 

— 

X 

X 

Fastening 

Components 

X 

X 

X 

— 

X 


1 Properties requied 

2 Only for air furnaces used for solution heat treatment 

3 Only 2XXX or 7XXX alloys (clad and bare) 

4 Only for product less than 0.250 inches thick. 
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1 INTRODUCTION 

When aluminum is solution heat treated at elevated temperatures, generally in the 
range of 750-1000°F (400-540°C), some alloying elements are re-dissolved to pro- 
duce a solute rich solid solution. The objective of the solution process is to maximize 
the concentration of hardening elements including copper, zinc, magnesium, and (or) 
silicon in the solid solution. The concentration and rate of dissolution of these 
elements increases with temperature so solution treating temperatures are usually 
near the liquidus temperature of the alloy. 

If an alloy is slowly cooled from an elevated temperature, alloying elements are 
precipitated and diffuse from the solid solution to concentrate at the grain 
boundaries, small voids, on undissolved particles, at dislocations, and other 
“imperfections” in the aluminum lattice. To achieve optimal strength, toughness, 
and corrosion resistance, it is desirable to retard this diffusion process and keep 
the elements in solid solution until the alloy is age hardened. Elements are kept 
in solution by quenching from the solution treating temperature. After quenching, 
aluminum is aged and during this process, a fine dispersion of elements and com- 
pounds are precipitated that significantly increase the strength of the material. These 
processes are illustrated in Fig. 1 [1], 

Diffusion and precipitation kinetics are slower in some alloys than others, per- 
mitting lower cooling rates while still allowing high strengths and corrosion resist- 
ance to be obtained. Figure 1 illustrates that excessively slow cooling allows 
excessive concentrations of alloying elements to develop on the grain boundaries. 
Figure 2 shows that intergranular corrosion for 2024-T4 will be aggravated if cooling 
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At solution 

heat treating At room After 

temperature temperature aging 

Figure 1 Schematic illustration of the solid diffusion processes that may occur during 
solution heat treating. 



Figure 2 C-Curve indicating type of cooling rate dependent corrosion attack on 
AA2024-T4 sheet. 


rates are excessively slow during quenching. (See Sec. 2.5) Similar behavior has been 
found for other aluminum alloys [2], Therefore, it is important that cooling rates 
during quenching be sufficiently fast to minimize precipitation during cooling. 
The cooling process of age-hardenable aluminum alloys affects material 
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properties such as strength, ductility, and thermal stresses. Thermal stresses are 
minimized by reducing the cooling rate from the solution heat treatment 
temperature. However, if the cooling rate is too slow, undesirable precipitation will 
result. But, if the cooling rate is too fast, there may be an increased tendency 
for distortion [3,4]. Therefore, one of the primary challenges in quench process 
design is to select quenching conditions that optimize the desirable quench par- 
ameters and minimize the undesirable ones. 

Various aspects of aluminum quenching are discussed in this chapter including 
quenching processes, aluminum hardenability, surface cooling mechanisms and their 
effect on material properties, effects of quenchants and quench processes, quenchant 
maintenance, cooling curve analysis, property predictions, importance of racking on 
distortion minimization, and quenchant media selection to reduce residual stresses 
and minimize distortion. 


2 DISCUSSION 

2.1 Quench Sensitivity 

The physical properties of age hardenable aluminum alloys are dependent on many 
factors including alloy composition, structure and temper. The tendency for an alloy 
to form non-hardenable precipitates during quenching is referred to as “quench 
sensitivity ” [5]. Quench sensitivity of AA6082 sheet stock (2 mm) containing varying 
alloy composition using different quench media summarized in Table 1 and Fig. 3 [5]. 
In general, as-quenched hardness increases with cooling rate as shown in Table 2 [5], 
The higher hardness is a result of more solute elements being kept in solution at high 
cooling rates. 

Although little variation in Vickers hardness is observed after furnace cooling 
and then tempering to the T6 condition, the final hardness does increase with quench 
cooling rate. Quench sensitivity increases with decreasing cooling rates and lower 
homogenization temperature. Process models have been developed which success- 
fully predict AA6082 quench sensitivity, and the models are reviewed by Lim 
and Shercliff [5], 


Table 1 Cooling Rates for AA6082 [Al-Mg-Si] in Various Quenching Media 


Quench Medium 

Quench Temp. (°C) 

Cooling Rate 
(°C/sec @ 450-200°C)° 

Still Water 

19 

240 

Still Oil 

20 

34 

Molten Salt 

170 

19 

Fluidized Bed 

170 

9.6 

Moving Air 

20 

40 

Moving Hot Air 

60 

3.4 

Still Air 

20 

1.4 


“The specimens were 20 x 20 x 2 mm 
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Figure 3 Cooling curves for different type of cooling media for quenching AA6082 alumi- 
num sheet. 

Table 2 Effect of Cooling Rate on As-Quenched Hardness of 
AA6082 


Vickers Hardness After Homogenization (°C) 


Quenchant 

530 

580 

Water 

52.1 

53.1 

Moving Air 

46.9 

49.0 

Furnace Cooled 

40.6 

42.6 


Vruggink examined the effect of cooling rate on the variation of yield stress as 
an indicator of quench sensitivity using various commercially available aluminum 
alloys [6], The quench media included cold water, boiling water, and still air. These 
media produced a range of cooling rates varying from 5000° F/ sec to 3°F/sec. 
Midplane cooling rates ( 750—5 50° F/ sec) of various 12 x 12 in. test specimens of 
7075-T6 with varying thicknesses are illustrated in Fig. 4 [6], The data show that 
the average mid-plane cooling rates of about 5000°F/sec, 40°F/sec and 3°F/sec 
can be expected if 0.064, 3.0 and 10.0 in. thick test specimens are quenched into 
water at 70°F. From these data, quench sensitivity of age-hardenable aluminum 
alloys could be compared by quenching 12 x 12 x 0.064 in. test specimens in cold 
water, boiling water and still air and aging to the desired temper. It was concluded 
that quenchants providing lower cooling rates have the same effect as increasing 
product thickness. 
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Figure 4 Effect of aluminum alloy panel thickness on the cooling rates in different quench 
media. (Centerline cooling curves.) 



Average Cooling Rate (750-550 °F), °F/SEC. 

Figure 5 Effect of cooling rate on the properties of 2xxx series of aluminum alloy sheet in T6 
temper. 


The quench sensitivity of various 2xxx and 7xxx aluminum alloys have been 
examined using this methodology, and the results are summarized in Fig. 5 and 
6, respectively [6]. Although a wide range of strengths are achievable in the 2xxx 
series when quenched at 5000°F/sec, significant variations in quench sensitivity were 
observed only when decreasing the cooling rate from 40°F/sec to 3°F/sec (See Fig. 
5). Alloy AA2618 exhibited the least quench sensitivity and AA2014 exhibited 
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Average Cooling Rate (750-550 °F), °F/SEC. 

Figure 6 Effect of cooling rate on the properties of 7xxx series of aluminum alloy sheet inT6 
temper. 


the greatest sensitivity. The results of a similar study conducted on various 7xxx 
series aluminum alloys are illustrated in Fig. 6. It was found that quench sensitivity 
increased with increasing concentrations of Cu and Cr. 

Vruggink also attempted to quantify quench sensitivity effects for thicker 
cross-sections using a modified Jominy test commonly used for steel. A 3 in. dia 
by 13 in. long cylindrical test specimen was used, as illustrated in Fig. 7 [6]. A 
wedge-shaped specimen, illustrated in Fig. 8, was also used. Test specimens were 
solution treated and quenched into 70°F water. Vruggink reported a poor corre- 
lation between yield strengths in end-quench or wedge tests compared with results 
from test specimens. The properties in plate were higher than in forged and quenched 
specimens as illustrated in Fig. 9 [6]. Wedge specimens machined from plate 
exhibited higher strengths than test specimens cooled at the same rate as illustrated 
in Fig. 10 [6]. 

Hart, et al. used the Jominy end-quench test to evaluate the influence of quench 
rates on corrosion properties of AA2024-T4 and -T6 and 7075-T73 [7]. Their 
experimental apparatus is illustrated in Fig. 11, and tests were conducted according 
to ASTM A255-48T. A summary of cooling rates as a function of section thickness 
is provided in Fig. 12 [7]. Aluminum extrusions were used in this study because 
the more pronounced grain structure would be expected to provide greater sensitivity 
to stress corrosion and exfoliation corrosion. The water quenchant temperature was 
286K; a metal screen was placed over the orifice; and the transfer time from the 
furnace to the quench was < 5 sec. Variations in water pressure produced no 
measurable effect on cooling rate. The hardness and conductivity data obtained from 
Jominy bars for different aluminum alloys are illustrated in Fig. 13 [7]. 

Specimens were removed from the Jominy bars for stress corrosion studies 
using the cutting plan illustrated in Fig. 14. The results of the study are illustrated 
in Fig. 15 [7], and the conclusions drawn from this study are summarized as follows: 
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Figure 7 Jominy end quench test specimen and cooling rates at different locations along the 
specimen. 


• Naturally aged AA2024 exhibited the lowest stress corrosion life. 

• Alloy AA2024-T6 was slightly superior to AA2024. 

• No effect of Jominy bar distance on stress corrosion life was observed in 
either the T4 or T6 conditions for AA2024. 

• Alloy AA7075-T6 was approximately equivalent to AA2024 in its stress 
corrosion resistance over the first 40 mm of the Jominy bar. 

• The overaged alloy AA7075-T73 was quite resistant to stress corrosion. 
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Average Cooling Rate (750-550 °F), °F/SEC. 


Figure 8 Wedge specimen and cooling rates at various locations in the specimen. 


The Jominy end-quench specimen was also used to compare the hardenability 
of AA7075 and AA7050 using the alloy compositions shown in Table 3 [8,9]. 

A 13 mm dia. x 100 mm long cylindrical bar of the desired alloy was 
instrumented with Type K thermocouples at the positions shown in Fig. 16 and 
quenched according to ASTM A255 [8]. A comparison of the hardness and conduc- 
tivity data obtained as a function of distance from the quenched end illustrated 
in Fig. 17 indicate that AA7050 is less sensitive to quench rate than AA7075 [8]. 
AA7050 was developed for use where thicker cross-section sizes are required [8]. 
Transmission electron micrographs of AA7075 and AA7050 at positions corre- 
sponding to 7 mm, 24 mm, 56 mm, and 79 mm distances on the Jominy bar are shown 
in Figs. 18 and 19, respectively [9]. These micrographs compare AA7075 and 
AA7050 specimens that were quenched at different cooling rates but tempered under 
identical conditions. This work suggests that the Jominy end-quench test may be 
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Average Cooling Rate (750-550 °F), °F/SEC. 


Figure 10 Effect of cooling rate on the properties of 7079 sheet and plate. 

quite useful for aluminum alloy design and for determining the impact of quench 
severity on aluminum properties and microstructure. 

2.2 Cooling Curve Analysis 

2.2.1 Experimental Apparatus 

Sheet and Bar Probe Construction 

Two types of aluminum probes, constructed from bar and sheet stock of the alumi- 
num alloys of interest, have been constructed to obtain experimental cooling rate 
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Figure 11 Schematic of Jominy end-quench test speciment and quenching jig. 



0.1 1.0 10 TO 3 10 3 10« 

AVERAGE COOLING RATE K * (670K TO560K) 


Figure 12 Effect of thickness on average cooling rates at the centerline (mid-plane) of 
aluminum sheet and plate quenched from solution temperatures. 
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DISTANCE FROM COOLED PLANE (mm) 


26 

24 

22 

X 

m 12mm 2 
2D 

15 

16 


Figure 13 (a) Hardness and (b) conductivity as a function of Jominy distance. (AA). 


data [10]. Cylindrical bar probes were prepared as shown in Fig. 20. The bar length 
was at least 4 times the diameter to approximate an infinite cylinder. A Type K 
thermocouple was inserted to the geometric center of the bar. Thermocouple contact 
with the probe material was maintained by using a spring loaded thermocouple or by 
brazing. An aluminum tube was TIG welded to the bar probe to provide a handle and 
protect the thermocouple from the quenchant. 


Marcel Dekker, Inc. 
270 Madison Avenue, New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 





982 


Totten et al. 


FLATTENED AFTER NEAT TREATMENT 
TO ENAaLE HARDNESS AND 
CONDUCTIVITY MEASUREMENTS 



TUNING FORK TTRE 
STRESS CORROSION 
SPECIMEN 


ALL DIMENSIONS ARC IN pm 


Figure 14 Location of stress corrosion specimens in the Jominy bar. 

Probes to measure the cooling rates of aluminum sheet stock were prepared as 
illustrated in Fig. 21. The probe consisted of two 2 x 2 in. aluminum sheets with 
a combined thickness equal to the thickness being simulated. The sheets and handle 
were cleaned, thoroughly degreased, and the surface deoxidized. An intrinsic 
thermocouple was prepared using 30 gage chromel-alumel wire by spot welding 
the wire to the interior of the sheet [10]. A spacer was sandwiched between the sheets 
to allow the thermocouple wire to exit. The assembly was placed on a notched handle 
and TIG-welded water tight. 

probe heat transfer. Several material and quenchant characteristics influ- 
ence the rate of heat removal from a part during quenching. An infinite quench 
is one that instantly decreases the skin of the part to the bath temperature. The 
rate of cooling in the part is then a function of only the thermal diffusivity of 
the metal, i.e. its ability to diffuse heat from the interior to the surface. In practice, 
however, quenchants never provide the idealized “infinite” quench. 
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Figure 15 Stress corrosion crack initiation by alternate immersion. 


Cooling rates achieved in actual quenching situations are controlled by the 
vapor blanket formation, boiling characteristics, flow velocity, temperature, specific 
heat, heat of vaporization, conductivity, density, viscosity, and wetting character- 
istics of the quenching fluid. Practically, cooling rates are controlled by the 
quenching medium and its use conditions. 

Mathematically, heat transfer from parts can be described using Newton’s law 
of cooling: 

q = hA (Tj — T 2 ) 
where 

q = rate of heat transfer 

A — surface area of the part in contact with fluid 

T\ = surface temperature 


Marcel Dekker, Inc. 
270 Madison Avenue, New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 




984 


Totten et al. 


Table 3 Chemical Composition of AA7075 and AA7050 


Elemental Composition (% b.l.) 


Alloy 

Cu 

Fe 

Si 

Mn 

Mg 

Zn 

Ni 

Cr 

Ti 

Zr 

7075-T6 

1.36 

0.20 

0.10 

0.04 

2.62 

5.77 

0.003 

0.20 

0.0170 

0.0115 

7050-T7451 

2.11 

0.12 

0.050 

0.04 

1.98 

5.74 

<0.000 

0.026 

0.031 

0.09 



(b) 


Figure 16 Schematic illustration of Jominy end-quench specimen (a) location of 
thermocouples (b) photograph of instrumented bar being quenched. 
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Figure 17 Comparison of hardness and conductivity traverses of AA7075 and AA7050 
aluminum Jominy end-quench specimens heat treated and aged identically. 
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Figure 18 Transmission electron micrographs of 7075 at positions corresponding to (a) 
7 mm; (b) 24 mm; (c) 56 mm; (d) 79 mm (110 orientation). 



Figure 19 Transmission electron micrographs of 7050 at positions corresponding to (a) 
7 mm; (b) 24 mm; (c) 56 mm; and (d) 79 mm (110 orientation). 
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INSERT handle full oeftm 

WELD WATERTIGHT 



Figure 20 Illustration of an aluminum bar probe. 



Figure 21 Aluminum sheet probe. Sheet edges must be TIG welded water tight before use. 


T 2 = fluid temperature away from surface 
h = interfacial or film coefficient 

If this equation is rearranged, /;, the film coefficient, can be determined in terms 
of the area of the part, difference in temperature between the part and the quenchant, 
and the amount of heat being transferred. An analytical determination of the 
interfacial heat transfer coefficient, //, requires examination of the properties of 
the fluid moving past the part, such as boiling temperature, viscosity, density, 
thermal conductivity, and specific heat. These properties, taken together, combine 
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to make the quenchant an important, if not the most important, variable affecting 
quench severity. For example, increases in quenchant velocity generally increase 
the quench severity. Conversely, increasing the bath temperature reduces the 
(T\ — T 2 ) value, which reduces the rate of heat transfer and decreases the quench 
severity. 

The actual heat flow from the interior of a part being quenched to the surface 
can be described with Fourier’s equation: 

q = K • A • dT / dx 

where 

q = amount of heat transferred 
k = thermal conductivity of the alloy 

A = area of the part 

dT/dx = thermal gradient in the part 

The expression for heat transfer from a bar, neglecting axial heat flow is: 

drT 1 dT _ 1 dT 

dr 2 r dr a dt 

where 

r = bar radius 

a = thermal diffusivity 

dT/dr = thermal gradient 

The Grossman number, defined in the equation below, is also used to describe 
the rate of heat removal from metal parts and is the ratio of the interfacial heat 
transfer coefficient divided by twice the metal conductivity: 

H = h/2K 

The Grossman number has been reported to equal approximately one for 1 in. 
sections of steel quenched in water. The film coefficient for various experimental 
conditions evaluated can be determined by first solving the Fourier equation, using 
a closed-form heat transfer program which allows specific film coefficients to be 
employed as input values. 

Cooling curves at the center of various-sized bars and plates were calculated 
and the cooling rate between 425°C and 150°C determined. A polynomial 
least-squares fit was then obtained to relate the average cooling rate between 425°C 
and 150°C from the cooling curve, and this value was put into the polynomial 
expression relating the cooling rate to the imposed film coefficient. 

The film coefficient, h, is then determined by recording a cooling curve using a 
thermocouple located in the center of a test probe, determining the cooling rate 
between 425°C and 150°C from the cooling curve, putting this value into the poly- 
nomial expression relating the cooling rate to the film coefficient and solving for 
the h value. This procedure provides an average or effective film coefficient over 
this temperature range. Other investigators have described methods of determining 
heat flux as a function of time or surface temperature [11-13]. 
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effect of probe shape. Cooling rate variation for round and square bars and 
flat plates as a function of thickness is shown in Fig. 22 [14]. Croucher and Van 
Horn have shown that there is no simple direct correlation between round cooling 
rates obtained in round bars, square bars, and flat plates [14,15]. This conclusion 
is supported by the data in Table 4 obtained during a still water quench [14]. Similar 
data for an aqueous polymer quench is not available. 

surface oxidation. Surface oxidation can substantially retard the cooling 
rate of aluminum. This is illustrated in Fig. 23( A) and 23(B) for centerline cooling 
rates obtained from 0.5 in. AA7075 aluminum plates [14]. These data show that 
to assure reproducible cooling rate results, the surface condition of the aluminum 
must be specified along with the cleaning process if such data are to be used for 
predicting mechanical properties in parts. 



Figure 22 Effect of geometry of the probe shape on cooling rate when quenching into 
70°water. 


Table 4 Cooling Rate Versus Section Size of Aluminum (75°F, No Agitation) 


Section Size 


Cooling rate (°F/sec) 


Plate 

Round 

Ratio 

1 

95 

1000 

10.5 

2 

23 

106 

4.6 

3 

15 

41.5 

2.8 

4 

12.5 

23.0 

1.8 

5 

10.0 

17.4 

1.7 

6 

7.5 

13.5 

1.8 
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Figure 23 (a) Effect of surface preparation on mid-plane cooling rates of a 0.5 in. thick AA 

7075 plate quenched into 70°F water; (b) Effect of surface preparation on mid-plane cooling 
rates of a 0.5 in. AA7075 plate quenched into boiling water. 


2.2.2 Surface Rewetting Measurements 

Temperature variation with time during the cooling process can be measured by a 
thermocouple inserted to the geometric center of a cylindrical probe and the 
rewetting kinematics studied by measuring the change in conductance between 
the probe and a counterelectrode during the transition from film boiling to nucleate 
boiling. Changes in boiling around a probe surface at selected points during 
quenching in water are illustrated in Fig. 24 [16,17]. 
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Figure 24 (a) Wetting sequence for a cylindrical specimen quenched in distilled water at 

40°C; (b) Temperature T z (measured in the center of the specimen) and wetted specimen 
surface as a function of time during cooling of an AlMg5 sample in distilled water at 80°C 
T z and t z : Temperature in the center of the specimen when it is immersed in the quenchant and 
the time of immersion. T s and t s : Temperature in the specimen center and time when wetting 
starts. T f and t f : Temperature in the specimen center and time when the wetting process 
is concluded. 


If the heated probe is completely surrounded by a vapor blanket, the electrical 
resistance between the probe surface and the counterelectrode is high because of 
the insulating effect of the vapor blanket. As the vapor blanket collapses, the 
quenching fluid wets the probe resulting in a reduced resistance and a higher con- 
ductance. Using calibration curves, the percentage of the wetted surface area 
(A) from the conductance (C) and the wetting kinematics ( dA/dt ) may be determined 
from the change in conductance with respect to time ( dC/dt ). 
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Table 5 Thermal Conductivity and Specific Heat Capacity for Different Materials 


Material 

Thermal Conductivity 
(W/M°K) 

Specific Heat Capacity 
(kJ/kg-> K -1 ) 

Aluminum 99.5 

218@100°C 

0.896 

Silver 99.5 

425@100°C 

0.235 

Nickel 

88.5@100°C 

0.448 

Cr Ni Steel* 

12.6@100°C 

0.477 

INCONEL 600** 

14.8@21°C 

0.465 


Comparison of Quenching Characteristics of Silver and Aluminum Probes 
Silver probes are sometimes used to evaluate the quench severity provided by dif- 
ferent quenchants [18,19]. Because of the similarity of the thermal characteristics 
of silver and aluminum and because of the significantly lower oxidation tendency 
for silver relative to aluminum, the cooling behavior of AlMgSiCu and a silver 
(99.5%) probe was compared. Thermal conductivity (A) and specific heat capacity 
of various materials is provided in Table 5. Thermal diffusivity (a) is a measure 
of the “rate of propagation” of a temperature change in a body and is related 
to the specific heat capacity by: 

A 

a = 7T 

p x C p 

Where: C p is the specific heat capacity, A is the thermal conductivity and p is the 
density. 

Cooling curves recorded during quenching of an aluminum (AlMgSiCu) and a 
silver specimen (Ag 99.5) in a water-soluble polymer are illustrated in Fig. 25 [16,17]. 
The aqueous polymer quenchant concentration was 10% by volume and the bath 
temperature was 25°C. Both probes were cleaned with 600 grit abrasive paper before 
each test, and the initial probe temperature was 520°C. 

The polymer film surrounding the probe surface ruptured simultaneously 
around the entire surface of both probes (a phenomena called “explosive” 
rewetting), and the rewetting times (tf — t s ) were extremely short. Flowever, a stable 
film-boiling stage lasting about 4 sec was observed around the silver probe which was 
not observed for the aluminum probe. The centerline probe temperature at 
“rewetting” was about 440°C for silver and 500°C for aluminum. The reason that 
the rewetting of the silver occurs about 4 sec later for the silver probe is probably 
due to the higher heat capacity and mass of the silver. This means that it will take 
longer for the surface temperature to drop to the nucleate boiling stage because 
more heat must be removed. 

When the quenching temperature of the silver probe is increased to 800°C, 
considerable stabilization of the film-boiling occurs as illustrated in Fig. 26( A) [16]. 
Wetting now starts at about 260°C after 24 sec compared to the start of wetting 
of the AlMgSiCu probe after 1 sec at about 500°C. The maximum cooling rate 
of the silver probe is not reached until a centerline probe temperature of 200°C 
as shown in Fig. 26(B) [16]. 
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Figure 25 Comparison of the cooling processes of a cylindrical AlMgSiCu probe (dia. 
15 x 45 mm) with a silver probe of the same dimensions: probes quenched into a 10% solution 
of a water-soluble polymer at 25°C (temperatures at the geometric center of the probe); sol- 
ution treating temperature: 520°C (AlMgSiCu probe); annealing temperature 520°C for 
the Ag probe. 


If distilled water at room temperature is used as the quenchant instead of an 
aqueous polymer, the silver and the AlMgSiCu probes show almost identical cooling 
behavior with coinciding rewetting kinematics shown in Fig. 27 [16]. This means that 
the quenching behavior determined in water with silver probes can be compared with 
those obtained for aluminum probes. Flowever, when aqueous polymer-quenchant 
solutions are used, there are clear differences, especially with respect to initial 
wetting. 

Rewetting Kinematics from Quenched Aluminum Probes 

Cooling behavior of aluminum during quenching is affected by quenchant compo- 
sition (type and concentration of a polymer quenchant), bath temperature, tempera- 
ture of the aluminum being quenched, and surface condition of the aluminum. 
Aluminum rewetting behavior when quenched into distilled water is strongly affec- 
ted by bath temperatures above 40°C. The temperatures for the beginning of the 
rewetting process (T s ) and for the end of the process (T { ) and the elapsed time 
between t ( and t s within which the two boiling phases (film boiling and nucleate 
boiling) are illustrated in Fig. 28, as a function of bath temperature [17]. Up to bath 
temperatures of 40°C, the probe surface wets very quickly ( < 1 sec) and the rewetting 
process always began at the surface that was geometrically lower in the bath. At 
temperatures above 60°C (the rewetting time, the time when the entire probe surface 
is wetted with the quenchant (f f — t s ), increased sharply with increasing bath tem- 
perature and the temperature distribution in the probe became extremely uneven. 
This means that with increasing bath temperature, the precipitation kinetics become 
increasingly non-uniform in the longitudinal direction. For example, if aluminum 
castings are quenched in water at >60°C to reduce distortion and residual stresses, 
a stress gradient may be developed from end to end of the part [20,21]. 
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Figure 26 Comparison of the cooling processes of a cylindrical AlMgSiCu probe (dia. 
15 x 45 mm) with those of a silver probe; cooled into a 10% solution of a water-soluble poly- 
mer at 25°C (temperatures recorded at the geometric center of the probe); solution treating 
temperature is 520°C for the AlMgSiCu probe; annealing temperature is 800°C for the silver 
probe; (a) changes in temperature and conductivity as a function of time; and (b) cooling 
rate as a function of temperature. 


These difficulties can be minimized by using water-soluble polymers as alumi- 
num quenchants [22-25]. Aqueous polymer quenchants for aluminum heat treating 
applications are usually used at bath temperatures of 20-30°C. (See Sec. 2.4.2 
for a discussion of polymer quenchants.) The quenching characteristics of polymers 
in this temperature range are practically independent of bath temperature [25]. 
Aqueous polymer quenchants provide a less severe quench than cold water and 
the quench severity can be varied by varying quenchant concentration [24-27]. 

The effect of polymer concentration on the wetting behavior of a cylindrical 
AlMgSiCu probe quenched in a commercial polymer quenchant is illustrated in Fig. 
29 [16,17]. The time for initial wetting of the probe surface increases with polymer 
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Figure 27 Comparison of cooling processes of a cylinArical AlNIgSiCu, probe ( dia. 15 x 
45 mn) with those of a silver probe; probes quenched into distilled water at 25°C (probe tem- 
peratures recorded at the geometric center); solution treating temperature is 520°C for 
the AlMgSiCu probe; annealing temperature is 520°C for the silver probe; (a) changes in 
temperature and conductivity as a function of lime and (b) cooling rate as a function of 
temperature. 



0 20 40 60 80 


Bath temperature (°C) 


Figure 28 Dependence of temperatures T s and T f (measured at the geometric center of the 
probe) and wetting time (tf — t s ) on bath temperature during immersion cooling of a cylin- 
drical AlMgSiCu probe (dia. 15 x 45 mm) in distilled water. 
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Figure 29 Dependence of temperatures T s and T f (measured at the geometric center of the 
probe) and wetting time (tf — t s ) on polymer quenchant concentration during immersion 
cooling of a cylindrical AlMgSiCu probe (dia. 15 x 45 mm) in a water-soluble polymer at 
25°C. 



Figure 30 Time required for cooling a cylindrical AlMgSiCu probe (dia. 15 x 45 mm) from 
solution treating temperature (temeerature at which the probe was immersed) to 180°C; (a) 
Cooling in distilled water at varying bath temperatures; and (b) Cooling in a water-soluble 
polymer quenchant at varying quenchant concentrations and 25°C. 


concentration which means that film boiling persists for longer periods of time with 
higher polymer concentrations. This behavior appears in Fig. 29 as a decrease in 
the starting temperature for wetting (T s ) measured at the geometric center of 
the probe. The rewetting time increases by only about 2 sec with increased polymer 
concentrations up to 30%. 

The cooling time from the solution treating temperature where precipitation 
begins is very important for age-hardenable aluminum alloys [4]. The effect of water 
temperature and polymer concentration on cooling time has been compared and 
some results are illustrated in Fig. 30. The cooling time varied between 2 sec and 
16 sec but, the effect achieved by varying the polymer concentration in the water 
was more favorable. (Note: The temperature was measured in the center of the 
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probe, and this reveals nothing about rewetting behavior on the surface or about the 
temperature distribution within the probe [16,17], In addition to bath temperature 
and polymer concentration, bath agitation is also an important variable [27,28], 
Aluminum surface condition during the quenching process has a large effect on 
quenching rewetting behavior. Surface characteristics can be altered by variations in 
the duration of solution treatment [29], The cooling and rewetting behavior of 
AlMgSiCu cylindrical probes that were solution-treated for various times and then 
quenched in distilled water (7’ B = 25°C) are illustrated in Fig. 31. With increasing 
solution treatment time from 1 min to 180 min, which may increase the depth of 
the surface oxide layer, the conductance-time curves and temperature-time curves 
clearly show the retardation of cooling, i.e. a prolonged wetting time with increasing 
solution treatment time (Fig. 31(A)) [17]. The cooling rate decreased with increasing 
duration of solution heat treatment as illustrated in Fig. 31(B) [16,17]. 




Figure 31 Cooling process of a cylindrical AlMgSiCu probe (dia. 15 x 45 mm) annealed in 
air for different periods of time: quenchant = distilled water, 25°C, (a) changes in temperatures 
and conductivity as a function of time; (b) cooling rate as a function of the temperature at the 
geometric center of the probe. 
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Figure 32 Illustration of the quench tank. 


2.2.3 Quench System 

Some investigators have proposed instrumented bar and sheet probes that can be 
preheated in an electrical air furnace or in a fluidized bed and quenched into larger 
tanks such as illustrated in Fig. 32 [10]. AA7075 bar and sheet probes were solution 
treated at 870°F and AA2024 alloys were solution treated at 920°F. The quenchant 
fluid velocity flowing past the probe was controlled with a variable speed pump. 
The linear flow velocity was calculated using the volume flow from the pump 
and the cross-sectional area of the sleeve and the probe. The quenchant temperature 
was controlled to within 2°F and maintained at the correct temperature with resist- 
ance heaters and a cooling coil. 


Furnace and Racking System 

The furnace system utilized for the aluminum sheet distortion is illustrated in Fig. 33. 
A stainless steel radiation shield was located between the heating elements located on 
the sides of the furnace and the sheet rack shown in Fig. 34 to protect the panels from 
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Figure 33 Schematic of the “rapid quench” furnace system and drop mechanism used for 
sheet distortion studies. 


direct radiation. A fan was used to provide brisk air flow for uniform heating. Sliding 
doors on the furnace bottom provided a seal during soaking and allowed the panels 
to be dropped at a controlled rate. The furnace was located approximately 5 ft above 
the floor and the quench system illustrated in Fig. 27 was placed directly underneath 
the furnace. 
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Three 5/ 16 in. holes were drilled into each aluminum nominal 5 x 7 in. alumi- 
num panel, as shown in Fig. 34. The sheets were annealed after shearing and 
machining to remove any mechanically induced residual stress. Two 1 /4 in. threaded 
rods were placed through the top two holes and stainless steel spacers were used to 
provide at least a 1/2 in. gap between each sheet. Fine gage thermocouple wire 
was threaded through the bottom hole to secure the lower half of the panels to 
the hanger. Slack was left in the wire so that any distortion could freely occur. Each 
rack contained four sheets with thicknesses of 0.032, 0.040, 0.063 and 0.125 in. 
as shown in Fig. 34(A). 

The drop velocity of the rack into the quenchant was controlled using a 
pneumatic dashpot. The actual drop velocity was determined by measuring the time 
required for the piston to move a fixed distance. A 20 KFIz clock and counter were 
triggered as the piston moved between the two Hall-effect probes. The distance 
between the Hall-effect probes divided by the time required for the piston to pass 
between the probes provided the drop velocity. Total sheet probe distortion was 
determined photographically. The results are discussed in Sec. 2.7.1. 


2.3 Quench Factor Analysis (QFA) 

Fink and Willey performed an extensive study of the effects of quenching on the 
strength of 7075-T6 and corrosion behavior 2024-T4 [30]. This was done by con- 
structing C-curves, which were plots illustrating the times required to precipitate 
sufficient alloy content to change the strength by a specified amount in A A 7075 
(as shown in Figure 35), or change the corrosion from pitting to intergranular 
(AA 2024). Figure 2 is a C-curve for AA2024 illustrating the critical temperature 
range for the transition from pitting to intergranular corrosion [31]. Various studies 
have subsequently determined the relative quench rate sensitivity to different proper- 
ties for various alloys. Figure 35 illustrates the effect of cooling rate on tensile 
strength for several aluminum alloys and tempers [2]. 

The “critical temperature range” is defined as the temperature range that pro- 
vides the highest precipitation rates [2]. The “average cooling rate”, shown in Fig. 
37, is determined by dividing the time in seconds to cool from 750°F to 550°F. This 
technique provides only an approximation of the cooling process for the quenchant 
and cross-section size of interest since the quenching process may be non-linear, 
interrupted, or delayed. It is desirable to utilize a process that integrates a cooling 
curve for the quenching process and cross-section part being used with a C-curve 
(Time-Temperature-Property) curve for the specific alloy of interest. 

Most workers have performed QFA using published C-curves to predict pro- 
perties. However, it must be remembered that the particular C-curves obtained 
for an alloy are composition-dependent. This becomes a potential limiting factor 
in the widespread use of QFA [32,33], It is essential to validate the properties being 
predicted. 

A numerical process that incorporates all features of the cooling curve in prop- 
erty prediction was developed by Evancho and Staley [2,34]. The principles of the 
QFA calculation and the experimental procedures used for QFA determination from 
cooling curve data will be discussed here. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



1002 


Totten et al. 



Figure 35 C-Curves illustrating the effect of alloy precipitation on tensile strength for 
7075-T6 generated by Fink and Willey. (From Ref. 1.) 


Average cooling rate (400 to 290 °C) °C/s 



Figure 36 Tensile strength as a function average cooling rate. 
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Figure 37 C-curves for 2024-T851, 7075-T6 and 7050-T76 aluminum alloys. (From Ref. 9.) 


2.3.1 Calculation of Quench Factors from Precipitation Kinetic Data 

The properties of aluminum alloys are dependent on the amount of alloy precipi- 
tation that occurs during cooling. The rate law for isothermal precipitation kinetics 
is [35]: 


C = l-e x p[-7] 


( 1 ) 


where: £ is the fraction of precipitation which has occurred in time (t) and k is a 
temperature-independent constant. The value of k depends on the degree of 
supersaturation and the rate of diffusion and is estimated from [36]: 


k — = ki exp 

k] 


kik\ 


lRT(k 4 - Tf 


exp 


RT 


( 2 ) 


where: 

C T = critical time required to precipitate a constant amount (the locus of the 
critical line is the the C-curves). Coordinates for Cj curves for different 
aluminum alloys are provided in Table 6 [37,38]. 
k\ = constant which equals the natural logarithm of the fraction 
untransformed (1-fraction defined by the C-curve). 
k 2 = constant related to the reciprocal of the number of nucleation sites, 
k-i = constant related to the energy required to form a nucleus, 
k 4 = constant related to the solvus temperature, 
k$ — constant related to the activation energy for diffusion, 

R = 8.3143 J.K.- 1 mol -1 . 
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Table 6 Coefficients for Calculating Quench Factors at 99.5% of Attainable Yield Strength 


Alloy* 

Maximum Strength 
(ff m , MPa) k x 

^2 

^3 

a 4 

ks 

Calculated 
Range (°C) 

7050-T76 

544 

-0.00501 

2.2 xlO- 19 

5190 

850 

oo 

X 

© 

425-150 

7075-T6 

485 

-0.00501 

4.1 xlO- 13 

1050 

780 

O 

X 

525-150 

2024-T851 

459 

-0.00501 

1.72xl0~ n 

45 

750 

3.2 xlO 4 

425-150 

7075-T73 

475 

-0.00501 

1.37xl0- 13 

1069 

737 

1.37x 10 5 

525-150 


*Alloy heat treatment and temper designations: 

7050-T76: Solution treated at 471^t82°C, quenched and overaged to obtain exfoliation resistance. 
7075-T6: Solution treated at 460^t71°C, quenched and aged at 115-125°C, for 22-24h. 

2024-T851: Solution treated at 46CMt71°C, slack quenched, strained 2.25-2.5%, aged at 190° for 12 h. 
7075-T73: Solution treated at 460-471°C, quenched and aged at 100-112°C for 6-8 h and 170-182°C for 
8-10 h. 



Figure 38 C-Curve for 6351-T6. (From Ref. 7.) 


T = temperature in °K. 

C-curves for different alloys and tempers are illustrated in Fig. 37, 38, 39 and 40. 

From these C-curves and the mathematical parameters that describe them, it is 
possible to redefine the equation for the amount of solute precipitated during the 
quench (c) which can be calculated [2]: 


C — 1 — exp 



(3) 
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Figure 39 C-Curves for (A) 2017 (B) 7075 (C) 6061 and (D) 6063. (From Ref. 12.) 


■F K 



Figure 40 C-Curves for 7075-T6 and 7050-T73. (from Ref. 2.) 


Cahn has shown that the transformation kinetics for non-isothermal con- 
ditions, such as those that would be present during a typical quenching process, 
may be described by [36,39]: 


T = 


Cr dt 


(4) 


where: 

Ct = critical time from the C-curve, 
t = time from the cooling curve, 
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Figure 41 Determination of quench factor ( ) by the combination of a quenchant cooling 
curve and a C-curve. 


t o = time at the start of the quench, 

t{ = time at the finish of the quench, 

t = measure of the amount transformed (quench factor). 

When t = 1, the fraction transformed equals the fraction represented by the C-curve. 

As illustrated in Fig. 38 [35], the quench factor (t) is obtained by combining the 
cooling curve for the quenching process with the C-curve and the value for x is 
obtained by [2]: 

A h A t 2 A i n — l v^h-i 

t= cr + yy + ■c^7=£' -q (51 

A graphical representation of a quench factor determined earlier by Kim, Hoff 
and Gaskell is illustrated in Fig. 41 [35]. The quench factor shown is the area 
projected on to the (1/Cj - 1) plane. 


2.3.2 Experimental Determination of Quench Factors 

Figure 43 illustrates the superposition of a cooling curve on a C-curve [37]. 
Experimentally, cooling curves are obtained by acquiring time-temperature data 
over finite time steps (At;) which is determined by the data acquisition rate. The 
average temperature between each time step interval is then calculated. The C T value 
is then calculated for each average temperature using the above equation. The ratio 
of the time step length used for data acquisition, (At;) is divided by the Cj value 
at that temperature to provide an “incremental quench factor” (q) [37]. 


<7 = 


At 

Ct 


( 6 ) 
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Figure 43 Schematic illustration of the experimental method used for calculating a quench 
factor. 

To obtain the overall quench factor, Q, the incremental quench factor values 
are summed progressively as the probe or part is cooled through the precipitation 
range, normally about 800-300°F (425-150°C) as shown in Fig. 43 [37]. 

800 

G = £<7 (7) 

300 
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Table 7 Effect of Time Step Magnitude on Quench Factor Calculation" 


Time 









step, sec 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

Quench 









factor 

1.19 

1.19 

1.17 

1.14 

1.30 

1.52 

1.53 

1.33 


" The values were calculated for a cooling curve obtained by quenching an aluminum probe into 38°C water 
flowing at 0.25 m/sec. 


2.3.3 Effect of Time Step (At) Selection 

The quench factors for 7075-T73 quenched in 100°F (38°C) water flowing at 
50ft/min (0.25 m/sec) have been studied to determine the effect of the size of 
the time step on the quench factor calculation. The results of this study are shown 
in Table 7 [10]. These data show that time step changes in the range of 0. 1-0.4 sec 
caused no appreciable change in the calculated quench factor. However, time step 
variations between 0.5 and 0.8 sec caused considerable scatter in the calculated 
quench factor (Q). Excessively long time steps may result in an inadequate number 
of data points to properly calculate transition in the critical portion (knee) of 
the C-curve. It is suggested that the time step interval should be selected such that 
the average temperature drop is not greater than 75°F (25°C) over the critical cooling 
range for the alloy of interest. 

2.3.4 Property Calculation 

The tensile strength of the alloy after proper aging can be predicted from the quench 
factor - Q [2]: 

<Jy = Cmaxe*' 2 (8) 

where: 

dy = predicted yield strength, 

er max = yield strength after an infinite quench (and aging cycle), 
e — base of the natural logarithm, 

K\ = In (0.995) = -0.00501 
Q = quench factor 

The relationship between quench factor and yield strength for 7075-T73 is 
shown in Fig. 44. [37] Fow values of Q are associated with high quench rates, mini- 
mum precipitation during cooling and high yield strengths. Conversely, higher 
Q-values are obtained with slower quench rates and are associated with lower 
strength values. 

An alloy with a low rate of precipitation will produce a lower quench factor ( Q) 
than an alloy with a high precipitation rate at the same cooling rate. Quench factors 
calculated for different alloys might be different even if similar section sizes are 
cooled in the same quenchant, because quench factors take into account individual 
alloy precipitation kinetics by means of the equation describing the C-curve (Cy 
function) for each alloy. 
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Quench factor, Q 


Figure 44 Yield strength of aluminum 7075-T73 as a function of quench factor of the 
material. 


Solute elements are precipitated during cooling from the solution treating tem- 
perature at “high” (9-values. As a consequence, an improperly quenched alloy may 
not properly harden during aging, and it may be susceptible to intergranular 
corrosion, stress corrosion or exfoliation. 

The relationship between quench factor and yield strength for 7075-T73 alumi- 
num extrusions is illustrated in Fig. 44. Forty-five tensile specimens were removed 
from five lots of bar extrusions ranging in diameter from 12.7 mm to 127 mm 
(0. 5-5.0 in.). Sections of the bar stock were solution treated at 465°C and quenched 
in water ranging in temperature between 25°C and 100°C. Additional quenching 
media, including a polymer quenchant, fast oil, and a fluidized bed were also 
employed. 

The standard deviation in yield strength about the regression line was 2.1 MPa 
and ± 3 standard deviations was 11.0 MPa. This implies that the yield strength in a 
part can be predicted rather accurately if the C(T) expression for the alloy being 
quenched is known and if a valid cooling curve is available. The coefficients 
describing the C-curve for 7075-T73 are given in Table 6. [37] 

Since there is a predictable functional relationship between the quench factor 
and the yield strength of alloys where the C-curve is available, it is possible to select 
an upper-limit value of Q , above which specified yield strength values can be 
met statistically. Data relating the quench factor to predicted yield strength in 
7075-T73 are given in Table 8 [37]. 

The minimum allowable properties for aluminum alloys quenched for use in 
the aerospace industry in the United States are taken from Military Handbook 
F[40]. Table 3. 7. 3.0 from this source, reproduced in part in Table 9, specifies mini- 
mum longitudinal yield strength “A” and “B” design allowable values of 413.7 MPa 
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and 434.4 MPa respectively to 19-38 mm thick extruded rods, bars and shapes. The 
data in Table 8 indicates that, to meet the A allowables, the quench factor for 
7075-T73 must not exceed 28.0 and to meet the B allowables, the quench factor 
must not exceed 18.0. These values represent upper-limit values. To provide an 
adequate safety margin, and to accommodate other variables in the quench system 
such as racking differences, a quenchant capable of providing somewhat lower 
quench factors in the section thicknesses being heat treated must be used. 

2.3.6 Quenchant Selection 

The upper limit quench-factor value has been defined, above which properties in 
quenched parts cannot be expected to meet specified minimum values. The question 
now becomes how to select quenchants that will provide appropriate quench factors 
in section thickness of interest. 

The ability of a particular medium to provide adequate properties can be 
evaluated by instrumenting a variety of probe sizes, solution treating each one, 
quenching the probes into quenchant solutions of interest, recording the cooling 
curves, and calculating film coefficients and quench factors. In one study, 7075 
probes were solution treated at 465°C and quenched in a variety of solutions under 
controlled conditions using a 25.4 mm round probe constructed as shown in Fig. 
20 [38], 

Table 10 provides experimental data for water under a range of velocity and 
temperature conditions. The film coefficient, //, provides useful information about 
the rate of heat removal from the surface of a part. The thermal conductivity of 


Table 10 Quench Factors and Film Coefficients Obtained with a 25.4mm diameter 
7075-T73 Alloy Probe Quenched in Water Under Various Conditions 


Water Temperature 
°C 

Water Velocity, 
m/s 

Quench Factor, Q 

Effective Film 
Coefficient f h ), 
W/cm 2 K 

27 

0.00 

2.87 

3.89 


0.25 

2.72 

4.22 


0.50 

2.36 

5.53 

38 

0.00 

3.12 

3.43 


0.25 

2.73 

4.05 


0.50 

2.39 

6.05 

49 

0.00 

3.22 

2.67 


0.25 

2.75 

3.53 


0.50 

2.23 

3.27 

60 

0.00 

3.83 

1.83 


0.25 

3.02 

2.76 


0.50 

2.45 

2.76 

71 

0.00 

12.53 

0.35 


0.25 

4.38 

1.39 


0.50 

3.65 

1.31 

82 

0.00 

24.22 

0.37 


0.25 

13.78 

0.70 


0.50 

10.38 

0.89 
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Table 1 1 Quench Factors and Film Coefficients Obtained with Various Diameter 7075-T73 
Alloy Probes Quenched in 30°C UCON® Quenchant A Solutions Under Selected Conditions 


Quenchant 

Concentration, 

% 

Probe Diameter, 
mm 

Quenchant 

Velocity, 

m/sec 

Quench Factor, 

Q 

Effective Film 
Coefficient ( h ), 
W/cm 2 K 


12.7 

0.00 

2.7 

1.64 



0.25 

2.3 

1.80 

10 

25.4 

0.00 

5.8 

1.79 



0.25 

5.7 

1.79 


38.1 

0.00 

oo 

oo 

1.87 



0.25 

00 

bo 

1.82 


12.7 

0.12 

3.7 

1.11 

20 

15.4 

0.12 

8.1 

1.38 


38.1 

0.12 

12.1 

1.35 


12.7 

0.00 

5.2 

0.66 



0.25 

5.0 

0.79 

30 

25.4 

0.00 

11.2 

1.22 



0.25 

10.7 

0.97 


38.1 

0.00 

17.1 

0.88 



0.25 

16.2 

0.92 


7075 aluminum is about 1.70W/cm 2 K. Unagitated water at 25°C has a film 
coefficient of about 3.9W/cm 2 K. The film coefficient increased to 4.22 and 
5.53 W/cm 2 K at velocities of 0.25 and 0.50 m/sec, respectively. With these high film 
coefficient values, cold water quenching can create high thermal gradients from sur- 
face to center of parts and high temperature differences between thick and thin 
sections. The film coefficients generally decrease with increasing water temperature 
until, at temperatures of 70-80°C, they were in the range of 0.35-1.3 W/cm 2 K. 
A more extensive listing of water quenching data is provided in the Appendices. 

Similar data on polymer solutions under selected conditions are provided in 
Table 11. Depending on section size, the 20% solution of a polymer quenchant pro- 
duced quench factors of approximately 4-12 and film coefficients of approximately 
1.2-1.4 W/cm 2 K when the bath was operated at 30°C and with velocities of about 
0.12 m/ sec. (A more extensive listing of quenchant data for a polymer quenchant 
is provided in the Appendices.) 

If the effective heat transfer coefficient, //, between the part and the quenchant 
is established, the quench factor in commercial parts can be calculated using finite 
element or finite difference heat transfer programs. The results of calculations 
on sheets and plates made using constant film coefficients are shown in Fig. 45 
and 46, respectively. These diagrams illustrate the interrelationship between 7075 
aluminum sheet or plate thickness, film coefficient and quench factor. The calcu- 
lations for these graphs were performed using the film coefficients indicated at 
the ends of the diagonal lines, each of which represent a line of constant film 
coefficient. 
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Figure 45 Effect of sheet thickness on film coefficient on the quench factor for AA7075-T73 
alloy. 



Figure 46 Effect of plate thickness on film coefficient on the quench factor for AA7075-T73 
alloy. 
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The important feature of these figures is that, when used in combination with 
Table 8, which relates quench factor to predicted yield strength, and data on film 
coefficient such as that presented in Table 10 and 11, estimates can be made about 
the ability of specific quenching media and operating conditions to provide cooling 
rates sufficiently high to meet minimum mechanical properties in parts of various 
thicknesses. Using a previous example. Military Handbook V specifies a “B” allow- 
able minimum strength in 7075-T73, in 19-38.1 mm thick extrusions, of 434.4 Mpa 
[40]. The upper-limit g-value capable of meeting this strength is 18.0. 

Boiling water without agitation has a film coefficient of 0.20W/cm 2 K and 
could not be expected to provide an acceptable quench factor in a 20-38 mm thick 
section. This can be determined by locating the upper-limit Q value of 28 on the 
ordinate of Fig. 46, following this value horizontally until it intersects the diagonal 
line representing a film coefficient of 0.21 W/cm 2 K, and the reading the abscissi 
value for the maximum thickness that can be expected to be properly quenched. 
In this case, the maximum hardenable thickness is expected to be about 5.5 mm. 
To produce an acceptable quench factor in a 38 mm thick plate, a quenchant pro- 
viding a film coefficient of about 2.16W/cm 2 K or higher is required. A film 
coefficient of 2.88 W/cm 2 K provides a higher margin of safety, and will produce 
a quench factor of about 6 in a 19mm-thick plate and a quench factor of 113 in 
a 38.1mm-thick plate. High film coefficients can be obtained by immersion 
quenching in agitated cold water, brine, or with high-pressure spray quenching. 

2.3.5 C-curve Availability 

There are a number of problems that have prevented widespread acceptance of 
quench factor analysis procedures by the general heat treating industry. One of 
the most often encountered criticisms of the quench factor calculation is the 
unavailability of C-curves for performing QFA calculations. Although it is true that 
there is not extensive data, C-curves for many of the more commonly encountered 
alloys have been published. See Table 6 and Fig. 37-40. 

C-curves have been reported for other alloys but are not shown here. These 
include: 2219-T87, 2024-T851, and 2024-T351 [34]. Unfortunately, few C-curves 
for quench hardenable aluminum casting alloys have been published [42]. 

Bates has summarized the Cj constants for a limited number of alloys and 
tempers which can be used in quench factor calculations [37,38]. These values 
are summarized in Table 6. 

2.4 Quench Media 

2.4.1 Water 

When water is used to quench age-hardenable aluminum alloys, heat transfer from 
the workpiece to the quenchant is controlled by events occurring in three stages: 
film boiling, nucleate boiling and convective heat transfer. Film boiling occurs upon 
initial immersion. This is a slow cooling process because the hot surface is sur- 
rounded by a vapor blanket. As the part cools, the vapor blanket collapses and 
nucleate boiling begins. The transition temperature between film boiling and 
nucleate boiling is called the “Leidenfrost temperature”. Heat transfer is fastest 
during nucleate boiling, and the heat transfer coefficient, a, for nucleate boiling 
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Time (seconds) 


Figure 47 Cooling curves as a function of water temperature for 1/2 in. 7075 aluminum 
plate. 


is about 100 times the value of a during film boiling [43,44]. When the part has cooled 
below the boiling point of the quenchant, the rate is again reduced during the con- 
vective heat transfer stage. 

Since aluminum solution heat treatment temperatures are significantly higher 
than the Leidenfrost temperature, film boiling is to be expected initially when 
quenching into water [45,46]. If the surface temperature at any point on the 
workpiece is less than the Leidenfrost temperature, stable wetting and nucleate 
boiling will occur at that point [47-49]. Figure 24 illustrates a typical wetting 
sequence during cooling of a cylindrical specimen quenched in distilled water at 
40°C. The simultaneous presence of different boiling phases with the heat transfer 
coefficient of one surface region greater than 100 times the other causes extremely 
uneven workpiece cooling. This will strongly affect the wetting processes and result 
in substantial thermal gradients and increased distortion during quenching. The 
boiling mechanism is stabilized by increasing the water temperature and it is clearly 
evident above about 55°C as illustrated in Fig. 47 [50,51]. 

The consequences of uneven cooling include [16,17]: 

• Regions where the film boiling persists have more precipitate formation 
during quenching, than regions of faster cooling (low f s ). During 
age-hardening, these regions (high t s ) experience a smaller increase in 
hardness and also exhibit greater potential for intergranular corrosion than 
neighboring regions where the cooling rate was faster. 

• Volume regions where film boiling persists exhibit a much lower yield point 
during the cooling process than regions with shorter film-boiling phases. 
The non-uniformity of this process can result in significant plastic 
deformation and increased distortion due to increased thermal stresses. 
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TIME (s) 


Figure 48 Delayed quenching cooling curves for 0.064 in. thick 7075 aluminum alloy 
quenched in boiling and cold water. 


Therefore, determination and characterization of the cooling processes 
involved in quenching is critically important, especially with water quenching. 
To satisfy this need, a process to quantitatively measure the rewetting process of 
standard quenched aluminum probes was developed [52,53]. (See Sec. 2.2.2. on 
Rewetting measurements.) 

Age hardenable alloys such as 2024, 2219, 7075, 7050 and 6061 are often 
quenched in cold water. However, cold water quenching may produce unacceptable 
distortion due to the high thermal gradients produced. One of the earliest alterna- 
tives to cold water quenching was “delayed quenching”. For example, Fink and 
Willey used a delayed quenching process where the aluminum alloy was initially 
quenched in boiling water and then transferred to a cold water quench bath at 
the appropriate time, as illustrated in Fig. 48 [30]. 

Alternatively, if distortion problems are encountered with cold water 
(50-90°F, 10-32°C) quenching, then “hot water” (140-160°F, 60-71°C) quenching 
is used [50]. Cooling curves as a function of water temperature are provided in Fig. 
47 and properties of AA7075-T73 aluminum plate as a function of water tempera- 
ture are given in Fig. 49 [50]. 


Agitation Rate Dependence 

Quench factor charcterization of quenching media can provide a valuable insight 
into the quenching of aluminum alloys with water [54]. Many practices in the United 
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Water temperature (°F) 

Figure 49 Tensile strength of 1 in. 7075 aluminum plate as a function of water temperature. 

States allow a water quenchant temperature range from 49°C to 60°C. The influence 
of water temperature and velocity on the quench factor obtained for 7075-T73 alumi- 
num alloy is illustrated in Fig. 50(A) and 50(B) for 25.4mm and 38.1 mm sections. 
The quench factor is relatively constant in 12.5 mm and 38.1mm diameter 
extrusions, irrespective of water velocity, so long as the water temperature is below 
about 50°C. However, at low velocities when quenching in 70°C water, which is 
allowed by AMS 2770, the quench factor may vary by 300% depending on the water 
velocity around the part. 

Thus, the attainable properties are highly dependent on both the localized 
circulation velocity and temperature, especially in the range 0-0.25 m/sec. Many 
quench tanks use relatively low quenchant velocities and the result may be erratic 
and uncontrolled aging response. Furthermore, it may also be noted by comparing 
Fig. 50(A) and 50(B) that the quench factor variation increases as the section size 
increases. These data show that it is insufficient to specify only water temperature 
to assure meeting minimum properties. The circulation velocities required must also 
be specified. 

2.4.2 Polymer Quenchants 

Although hot water quenching has been used for many years to reduce quench dis- 
tortion in aluminum, excessive distortion still sometimes occurs. In such cases, 
an aqueous poly(alkylene glycol)-PAG copolymer solution may be used. The dis- 
tortion reduction advantages of PAG quenchants relative to both cold and hot water 
are illustrated in Fig. 51 [55]. PAG polymer quenching media were first reported by 
Blackwood and Cheesman [56]. Polymer quenchants are solutions of water, a 
polyalkylene glycol copolymer and additives such as corrosion inhibitors. 
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UCON ! ' Q Lien chant A 20% 
Agitation Rate 25 PPM 
Total Distortion - 0.1 2 in. 


Figure 51 Comparison of distortion reduction achieved with aluminum sheet quenched in 
cold water, hot water and a 20% solution of a Type 1 quenchant. 


It has been shown that water does not effectively wet the surface of aluminum 
during quenching [16,17]. Figure 24 shows that three distinctly different cooling 
regimes, with dramatically different heat transfer characteristics, are present on 
the surface of aluminum simultaneously during the quenching process, these cooling 
regimes can produce sufficient thermal gradients to increase distortion [17]. 

PAG copolymer quenchants form a surface film which surrounds the alumi- 
num surface during quenching, as illustrated in Fig. 52 [57]. The film mediates heat 
transfer and enhances wetting uniformity, thus minimizing distortion. The improved 
wetting process is evident by comparing “rewetting” times of aluminum quenched in 
water and a PAG copolymer quenchant solution [8], Rewetting times (tf-f s ) are the 
difference in the time when film boiling begins (f s ) and when nucleate boiling ends 
(tf) and data are presented in Figs 28 and 29 for water and polymer quenchant 
respectively [17]. 
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Figure 52 Illustration of the quenching mechanism of an aqueous solution of a PAG 
copolymer during the cooling of hot metal. (Courtesy of Prof. H. M. Tensi, Technical Uni- 
versity of Munich.) 


A study conducted on A356-T6 and A357-T6 castings showed that it was poss- 
ible to achieve similar, but more uniform, mechanical properties with a PAG poly- 
mer quenchant than with hot water [58], The relationship between cooling rate 
and thickness for A356 aluminum quenched in water and a polymer quenchant 
is shown in Fig. 53 [58,59]. 

Fleat transfer rates decrease as the thickness of the polymer film increases, and 
the polymer film thickness is dependent on both agitation and quenchant con- 
centration. Agitation induced film breakage as a function of the polymer structure, 
concentration, and bath temperature. Cooling curves as a function of polymer con- 
centration are illustrated in Fig. 54 [51]. In general, the duration of the film boiling 
region increases and cooling rates in the critical region decrease with increasing poly- 
mer concentrations. 

AMS Specifications 

The most common PAG quenchants used in the aerospace industry today are des- 
ignated as “Type I” quenchants [24]. Type I quenchants are defined by the physical 
properties that they exhibit in aqueous solution. These physical properties are speci- 
fied in AMS 3025A and are summarized in Table 12 [60]. 

There has been some discussion in the industry regarding the meaning of the 
values in Table 12. Taken together, they do reasonably specify the composition 
of the quenchant being evaluated. For example: 

1. Viscosity, at constant water content, is indicative of the copolymer mol- 
ecular weight (size). 

2. Refractive index, while a very old characterization method, has tradition- 
ally been related to the molar refractance values (structure) of chemical 
compounds and their concentrations. 

3. Specific gravity, while not a critical parameter, is often used in chemical 
engineering processes as an indicator of composition and concentration. 
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Figure 54 Cooling curves for 1 in. 7075 aluminum alloy plate quenched into different con- 
centrations of a Type I polymer quenchant. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 




Quenching 


1023 


Table 12 Physical Properties of Type I Polymer Quenchants 


Property Specification Limits 


Water 

45M8% 

Specific Gravity (20°C/68°F) 

1.094 ± .005% 

Refractive Index (20°C/68°F) 

1.4140 ± 0.005% 

Viscosity (cS @100°F) 

535 ± 70 

20% Dilution with water (cS @100°F) 

5.5 ± 0.5 

Separation Temp. 

165°F ± 5 


Table 13 Selected Military Handbook V Design Minimums 


Alloy 

Section Size (inches) 

Yield Strength (ksi) 

Ultimate Tensile 
Strength (ksi) 

2024-T6 

0.010-0.249 

47 

60 

2024-T6 

0.063-0.249 

49 

62 

2024-T6 

0.250-0.499 

49 

62 

7075-T73 

0.250-0.499 

63 

72 

7075-T73 

<3.0 

56 

66 

7075-T73 

3-4 

55 

64 

7075-T73 

4-5 

53 

62 

7075-T6 

0.750-1.000 

65 

75 

7050 

2.001-3.00 

65 

74 


4. Diluted solution viscosity is a validation that the correct polymer molecu- 
lar weight and concentration are being used. 

5. Separation temperature is indicative of the chemical composition of the 
PAG copolymer used to formulate the quenchant. 

Therefore, these values reflect the chemical composition of the copolymer, mol- 
ecular weight, concentration, and additive content. While additional tests could be 
performed, they are probably not necessary. More importantly, the as-quenched 
physical properties and alloy cooling rates should be determined for proper 
quenchant certification as already required by ASM 3025A. The physical properties 
must at least meet the Military Handbook V design minimums [40]. Selected design 
minimum values for 2024, 7075 and 7050 from Military Handbook V are provided 
in Table 13 [24,40], 

Recommended heat treating conditions when using Type I quenchants are pro- 
vided in AMS 2770E [61]. Selected recommended limitations from AMS 2770E are 
provided in Table 14. 

The maximum attainable strength properties are dependent on the cooling rate 
between 750-550°F (400-290°C). Generally, faster cooling rates provide greater 
strengths up to a limit, as illustrated by the data in Fig. 55 [62]. However, increasing 
cooling rates produce increasing thermal gradients which produce increasing 
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Table 14 Type I Quenchant Limitations By AMS 2770E 


Alloy 

Form 

Maximum Thickness 
(inches) 

Maximum Type I Polymer 
Concentration (%) 

2024-T62 

Sheet 

0.080 

16 

7075-T6 

Forgings 

1.0 

20-22 

7075-T73 

Forgings 

2.5 

10-12 

7050 

Forgings 

3.0 

20-22 



Figure 55 Cooling rate dependence on tensile strength for various alloys. 


thermal stresses and the potential for increased distortion. Thermal gradients are 
reduced by reducing the cooling rate and by increasing the duration of the film 
boiling region up to, but not past, the “nose” of the C-curve. (This is why “hot” 
or boiling water is used.) 

There is a cooling rate “window” that must be identified to obtain both optimal 
physical properties and minimum residual stress and distortion. The position and 
width of the window is a function of the specific hardenability of the alloy and 
the geometry of the part. This concept is illustrated by Fig. 56 which shows [63]: 

1. Curve A is the maximum cooling rate for obtaining specific structural 
characteristics. 

2. Curve B is the cooling rate beyond which the alloy undergoes plastic 
deformation resulting in residual stresses. 

3. Curve 1 does not introduce residual stresses but does not produce the des- 
ired mechanical characteristics such as boiling water. 

4. Curve 2 produces the desired mechanical properties but also produces 
unacceptable residual stresses such as cold water. 

5. Curve 3 is an optimized cooling process where the cooling rate is controlled 
to optimize mechanical properties with minimum residual stresses. 


Type 1 Quenchant Concentration Limits 

The selection of the polymer concentration for specific aluminum alloys is section 
size dependent. Section size /concentration curves for 6061 [64], 2024-T3 and T4 
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Ti T 2 

Temperature (T) 


Figure 56 Diagram illustrating the hardenability window (optimum cooling law) for alumi- 
num alloys. 


[65], and 7075-T6 and T73 [65] have been reported and are illustrated in Fig. 57 [66]. 
The recommended concentration range for the Type I polymer quenchants varies 
significantly with hardenability of the particular alloy. 


Effect of Agitation, Section Size, and Quenchant Concentration on 
Physical Properties 

The effects of part section thickness on the necessary polymer quenching conditions 
have been developed based on various industry studies [24], The results obtained 
from a designed experiment conducted to simultaneously evaluate the effects of poly- 
mer quenchant concentration, agitation rate and section size on 7075 aluminum 
sheet and bar stock will be discussed here. 

The agitation rate dependence of water at different temperatures is compared 
with a Type I polymer quenchant in Fig. 50 [24], These data show that there is rela- 
tively little agitation rate dependence for the polymer quenchant. This is one reason 
why polymer quenchants provide better distortion control than hot water. 

Statistically designed experiments were used to examine the effects of polymer 
concentration, bath agitation (velocity), and cross-section on the quench factor 
for one sheet thickness for 2024-T851 and a broader range of sheet thickness 
and bar diameters for 7075-T73 [67]. For each point of the experimental design, 
a reproducible cooling curve was obtained using a bar or sheet probe as illustrated 
in Figs. 20 and 21, respectively. Statistical models for quench factor and predicted 
yield strength were developed using standard multiple linear regression analysis 
techniques to determine the significant variables relative to the modeled response 
being examined. 
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Type 1 Quenchant 



Type 1 Quenchant 

Figure 57 Working curves Type 1 quenchant concentration selection as a function of 
cross-section size for (a) 6061; (b) 2024-T3 and T-4; and (c) 7075-T6 and T-73. 
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Figure 58 Quench factor dependence on quench process parameters: 2024 aluminum sheet 
data. 


The contour plot shown in Fig. 58 for the 2024-T851 model (0.063 in.) shows 
that increasing polymer concentration has the expected effect of decreasing the 
quench factor. Variations in quenchant velocity had no effect on quench factor 
at this sheet thickness [67]. A similar study was performed on 7075-T73 aluminum 
sheet except three sheet thicknesses were examined: 0.063, 0. 126 and 0.25 in. Contour 
plots for these quench factors are provided in Fig. 59 [67], In this case, quenchant 
velocity had an effect, especially as the sheet thickness increased. 

The quenching data for 7075-T73 bar stock with diameters of 0.5, 1.0 and 1.5 
in. were also modeled. Contour plots, holding bar diameter and bath temperature 
constant, are shown in Fig. 60 [67]. These results show that agitation rate had 
no significant effect on quench factor under these experimental conditions. 

The regression equations developed from this work along with standard 
deviations and R 2 values are shown in Table 15. Since only one sheet thickness 
of 2024 was evaluated, sheet thickness does not appear in the statistical model. 
Thickness, agitation rate and bath temperature factors were modeled for both 7075 
sheet and bar and these variables do appear in the statistical model. The statistical 
fit of the data to the model was better for the 7075 than for 2024 which is due 
to the larger data set used. 

Polymer Quench Bath Maintenance 

It is suggested that the following analyses be conducted to maintain consistency of 
the quenchant: concentration by viscosity, concentration by refractive index, deter- 
mination of “delta” (the difference between concentration determined by refractive 
index and viscosity), determination of thermal separation temperature, conductance, 
biological contamination, pH and corrosion inhibitor concentration [68,69]. The 
following comments will provide some insight into the physical meaning and the 
reasons for determining these data. 
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Polymer Concentration 



Polymer Concentration 


Figure 59 Quench factor dependence on quench process parameter: 7075-T73 sheet data; 
(a) Sheet thickness = 0.063 in.; (b) Sheet thickness = 0.125 in.; (c) Sheet thickness = 0.250 in. 
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Figure 60 Quench factor dependence on quench process parameters: 7075=T73 bar data; 
(a) Bar diameter = 0.5 in.; (b) Bar diameter = 1.0 in.; (c) Bar diameter = 1.5 in. 
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Table 15 Statistical Quenchant Performance Models for Quench Factor and Yield Strength 
for 2024 Sheet and 7075 Sheet and Bar Data 


A. 2024-T851 Sheet Data - 0.063 in. 

0 = -0.552 + 0.225 * C 
a ± 0.74, R 1 2 3 = 90.2 
YS = 66.78 — 0.0738 * C 
a ± 0.2421, R 2 = 90.3 

B. 7075-T73 Sheet Data 

Q = 0.399 + 0.004554 * CR + 0.03754 * C + 7.491 * ST— 0.08374 * CR * ST + 0.2765 *C*ST 
a ± 0.2007, R 2 =97.6 

FS = 69. 19 — 0.00153 * CR-0.00866 * C- 1.999 * ST+ 0.02638 * CR * ST-0.07747 * C* 
ST 

a ± 0.06109, R 2 = 96.8 

C. Type I 7075-T73 Bar Data 

Q = -39.96 + 2.345 * C + 4.483 * D + 0.4557 * T+0.1876 * C * D - 0.02703 * C* T 
a ± 0.5003, R 2 =98.5 

YS= 69.41 -0.00833 * C- 1.17 * D-0.0525 * C * D 
a ± 0.1304, R 2 = 98.7 

T= Temperature (°F) 
st = Sheet Thickness (in.) 

D = Bar Diameter (in.) 

CR = Agitation Rate (ft/min) 

C = Concentration (%) 

Q = Quench Factor 
YS= Yield Strength (ksi) 

* = Multiply 


1. Concentration by Refractive Index — The refractive index of a solution is 
dependent on its composition. In general, refractive index is most depen- 
dent on contamination effects. For example, build-up of metal ions from 
industrial water sources results in faster cooling rates and sometimes 
increased distortion. Also, contamination by hydraulic oils, forging 
lubricants and metalworking fluids may have deleterious effects. 
Variations in refractive index is one indicator of such contamination 
affects. Polymer degradation also may affect refractive index but to a lesser 
extent than contamination. 

2. Concentration by Viscosity — Polymer degradation will result in reduced 
viscosity [69,70]. The viscosity of PAG solutions may be affected by con- 
taminants, but to a lesser extent than if significant degradation has 
occurred. 

3. Delta — It is useful to determine the difference between the concentration 
obtained from refractive index and that obtained by viscosity. The differ- 
ence in these two values is called delta. Typically, large changes in the 
value of delta over time indicate an out of control process and further 
work must be done to determine the cause of the problem and to take 
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corrective action. However, the quenchant may undergo slow con- 
tamination, such as metal ion build-up, or even a slow molecular weight 
degradation process. If so, the delta value, after being reasonably stable 
for some time, will gradually increase. When the delta value exceeds 6-8, 
corrective action must be taken or the quenchant must be replaced. 

4. Thermal Separation — Thermal separation provides a measure of the cloud 
point of the quenchant [71]. If significant degradation has occurred, the 
cloud point will increase. Usually, this is accompanied by cooling rate 
increases. 

5. Inhibitor Concentration — Polymer solutions contain water and therefore, 
not surprisingly, may cause corrosion. The normal remedy is to add a 
corrosion inhibitor but because the corrosion inhibitor may be lost due 
to drag-out and other processes, it must be periodically replenished. 
Therefore, the corrosion inhibitor concentration must be monitored. 

6. Conductance — Solution conductance is dependent on ionic content. If sub- 
stantial ionic contamination has occurred, increases in solution conduc- 
tance will be observed. 

7. Other tests — Additional tests may be conducted to determine causes of 
physical property variations. For example, size exclusion chromatography 
- SEC (or gel permeation chromatography) may be performed to deter- 
mine the degree of polymer degradation. Alternatively, infra-red 
spectroscopy may be performed to determine if oxidation of the polymer 
has occurred. 

8. Biological Contamination — A common cause of polymer degradation is 
biological contamination. Contamination can be easily monitored using 
commercially available patch tests. 

All of these measurements should be periodically made, recorded and tracked 
using a data sheet such as the one shown in Fig. 61 [69]. 

thermal separation. The cooling rate control provided by an aqueous PAG 
solution is dependent on an inverse solubility mechanism as illustrated in Fig. 
62 [71]. Every PAG quenchant exhibits a characteristic temperature at which thermal 
separation occurs. The characteristic temperature is called the “cloud point” of the 
polymer and it is dependent on the polymer structure and composition. At the cloud 
point, the hydrated PAG polymer becomes insoluble. The thermally separated poly- 
mer is significantly more viscous than the homogeneous solution and the viscosity of 
the hydrated polymer is dependent on both the molecular weight of the polymer and 
the bath temperature which dictates the degree of hydration of the polymer. Increas- 
ing amounts of polymer hydration reduces the viscosity this layer. The thermal sep- 
aration process is reversible, with the separated layer redissolving as the solution 
temperature decreases below the cloud point. 

Quench baths can become contaminated by salts if the parts are preheated in a 
salt bath. Salt contamination may also occur from a build up of metal ions if tap 
water is used to dilute the quenchant. In either case, the presence of salt may produce 
higher cooling rates (see Table 16) and increase the separation temperature of the 
PAG copolymer in the Type I quenchants [68]. Salts may be removed by thermal 
separation as illustrated in Fig. 62 [71] or the quenchant can be replaced if salt con- 
tamination becomes excessive. 
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AHADYSIS OF: 
************ 



Figure 61 Illustration of a typical analytical data log sheet. (Courtesy of Tenaxol Inc., 
Milwaukee, WI) 

Although thermal separation may be performed by simply heating the 
quenchant in the tank until separation occurs, this process is not applicable for larger 
tanks. For these applications, a “One Pass Through With Heat Recovery” process 
has been developed and is illustrated schematically in Fig. 63. This process may 
be applied to quenchant solutions with polymer concentration as low as 1% [72]. 

membrane separation. Reverse osmosis (RO) and ultrafiltration (UF) are 
two pressure driven separation techniques that may be used to separate polymers 
and if the system is properly designed, additives can also be separated from aqueous 
quenchant solutions [73,74]. The primary difference in these two techniques is the 
system pressures and the size of the molecules which can be effectively separated. 
Currently RO is the more favored method since better separation of the polymer 
and additives is possible. This will be the focus of the remainder of this section. 
Data on the size of the solute separated and the working pressure is given in Table 
17. 
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Figure 62 Schematic illustration of thermal separation of a Type 1 polyalkylene glycol 
polymer quenchant. 


Table 16 Effect of Salt Contamination on Cooling Rates Produced by an Aqueous Polymer 
Quenchant" 

Maximum Cooling Rate Cooling Rates at 343°C (650°F) 


Salt concentration" 

°C/sec 

°F/sec 

°C/sec 

°F/sec 

0 

39.0 

70.2 

25.3 

45.5 

3.0 

54.0 

97.2 

31.8 

57.2 

6.0 

65.8 

118.4 

35.0 

63.0 

Water" 

61.8 

111.2 

33.0 

59.4 


"Data obtained using a 25 x 50 mm (1.4 in.) cylindrical Type 304 stainless steel probe instrumented with a 
Type K Thermocouple at the geometric center. Agitation was provided by the radial flow by the probe 
surface at 23L/min (6Gal/min) at 40°C (100°F). 

*The salt was sodium nitrate. 

"Distilled water containing no polymer quenchant. 


The initial quenchant solution is called the “feed solution”. This solution is 
passed through a pressurized membrane as illustrated in Fig. 64. The fluid that passes 
through the membrane, called the “permeate”, is typically pure water. The permeate 
passes into the core of the membrane assembly where it is either released from the 
system or delivered to a storage tank for further use. The concentrated solution 
which does not pass through the membrane is either recycled through the membrane 
assembly for further concentration or delivered to a storage tank for reuse. 
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Figure 63 One-pass through heat separation of a Type 1 polyalkylene glycol polymer 
quenchant. 


Table 17 Relationship Between the Membrane Separation Method, System Pressures and 
Size of Molecules Separated 


Membrane Type 

Size of Solute Separated 

Pressure (psig) 

Ultrafiltration 

0.001-2 /rm, (5000-200000 molecular 

10-100 


weight) 


Reverse Osmosis 

0.0001-0.001 fim 

200-1000 


The rate of permeate separation, Q P , is equal to the rate of purified water pass- 
ing through the membrane. This is usually expressed as volume/min at 25°C. The 
flow of the concentrate, Q c , is equal to the flow of the retained polymer. The flow 
rate of the feed stream of the incoming quenchant, Q F , is equal to the permeate 
rate plus the concentrate rate. 

In membrane separation technology, the recovery rate is used to characterize 
the separation system. Recovery rate (%) is defined as: 

Recovery (%) = Q p /Qr x 100 

The total concentration, % C, is typically reported as: 

Cf = Feed concentration, 

C P = Permeate concentration, 
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Figure 64 Schematic illustration of a typical membrane filter assembly. (Courtesy of 
Osmonics, Inc.) 

Cc = Concentrate concentration, 

Cave = Average concentration. 


C a , 


Cf + Cc 
2 


Passage G = 
Retention = 


Q 

-'■ave 

Q 


All well-formulated polymer quenchants contain corrosion inhibitors. One 
problem with membrane separation is that corrosion inhibitors will be removed with 
the permeate stream. One way to minimize this problem is to use “salt rejecting” 
membranes. 

As water is separated from the quenchant during separation, the feed concen- 
tration (C F ) increases, the concentrate concentration (C c ) increases, and the per- 
meate concentration (Cp) remains essentially unchanged. The permeate flow rate 
decreases asymptotically, feed flow rate decreases proportionate to the flow/pressure 
curve of the pump supplying the solution, salt passage increases, and the pressure 
required to perform the separation increases. These process changes with time 
are illustrated in Fig. 65 [73]. 

The polymer concentration may be automatically monitored by one of three 
methods: density, viscosity or refractive index. Trouble-free operation requires that 
the system be properly engineered. For example, the density method is susceptible 
to bias from contamination and air bubbles. Viscosity-concentration relationships 
are typically non-linear and require appropriate detector calibration. Refractive 
index is affected by oil and metallic salts. 

In some cases, there may be sludge, oil or oxides present in the quenchant 
solution which may damage the membrane assembly and therefore must be 
separated from the quenchant solution before the separation process. The sludge 
is prefiltered from the feed stream using conventional 50-100 mesh filter cartridges. 
Such strainers require frequent cleaning. 
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Figure 65 Representative curves for salt passage, permeate flow and average concentration 
(Cave) as a function of time. 


Oil can be separated from the feed stream by coalescing technology which 
permits the removal of the micron size oil droplets by coalescing them into larger 
particles which are then separated by density differences. This process is illustrated 
in Fig. 66 [73]. The primary driving force affecting oil separation by coalescence 
is the excess free energy at the interface of the dispersed oil droplet caused by 
unbalanced forces at the droplet surface. The relatively small interfacial tension 
values are sufficient to permit oil coalescence in a contaminated quenchant solution. 
Thus, the dispersed oil can be collected in a settling tank where it is separated from 
the quenchant solution based on specific gravity. 

BLISTERING DUE TO LUBRICANT/QUENCHANT POLYMER CONTAMINATION. Instances 

have been reported where residual polymer quenchants, die lubricants, and other 
hydrocarbon materials are present on the surface of the aluminum during tempering. 
This may lead to the formation of surface blisters and voids after quenching. This 
effect may be observed metallographically by the presence of “water marks” on 
AA7075 as illustrated in Fig. 67 [5], Cleaning the parts with a caustic etch and nitric 
acid accentuated the appearance of the blisters and produced a “smutty” residue in 
the area of the blisters. Sectioning showed that the blisters and voids were present 
to a depth of 0.050 in. with no indications of stringers, laps, etc. 
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Figure 66 Illustration of the sequence of operation of liquid/liquid surface coalescing. 



Figure 67 Cross-section of surface blistering (as polished, 50 x ). 


Schuler reported that such blisters were due to high temperature oxidation of 
the residual hydrocarbon material during solution heat treating which produced 
hydrogen or water vapor which may have migrated into the grain boundaries. 
Similarly, residual poly(alkylene glycol) polymer after quenching due to incomplete 
rinsing may produce the same effect during tempering. 

High temperature oxidation may be controlled or eliminated by more effective 
precleaning or rinsing. A volatile fluoride atmosphere, such as that produced by 
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Figure 68 Illustration of galvanic corrosion and the galvanic series. 


ammonium perfluoroborate (0.004 oz/ft 3 of furnace volume) may also be used to 
control the effect of water vapor [75,76]. 

galvanic corrosion. Galvanic corrosion is caused by the contact of dissimi- 
lar metals with an electrochemical potential sufficient to allow current flow between 
the metals. For galvanic corrosion to occur, an electrolyte (salt solution) must 
be present as shown in Fig. 68. The galvanic series of metals is presented in Table 
18 [77]. Metals close to each other will not undergo galvanic corrosion. Aluminum 
galvanic corrosion may occur if the parts are in contact with a steel quench tank 
and exposed to a salt solution. Similar problems may occur if aluminum is joined 
to copper, such as can occur when copper wire is used to fasten aluminum parts 
to a rack and the assembly is immersed into a quenchant having salt contamination. 
Although galvanic corrosion is not commonly encountered, it may occur if these 
situations are allowed to occur. 


2.4.3 Carbonated Water 

Cold water is the most commonly used quenching medium for many hardenable 
aluminum alloys (2xxx, 6xxx and 7xxx). However, the relatively fast cooling rates 
obtained while cooling through the critical region (750-550°F) shown in Fig. 69 
produces high thermal gradients that can produce residual stress, distortion or crack 
formation [78,79]. Thermal stress due to high thermal gradients may be reduced by 
raising the water temperature as illustrated in Fig. 70 [79] by comparing t cw (cold 
water cooling time) with t ww (warm water cooling time). Although the overall 
thermal gradient was decreased, the cooling rate through the critical region was also 
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Table 18 The Galvanic Series of Metals 
Corroded End (Anode) 


Magnesium 
Magnesium Alloys 
Zinc 

Aluminum 2S 
Cadmium 
Aluminum 17ST 
Steel or Iron 
Cast Iron 

Chromium-iron (active) 

Ni-resist 

1 8-8 Chromium-nickel-iron 

18-8-3 Chromium-nickel-molybdenum-iron (active) 

Lead-tin Solder 

Lead 

Tin 

Nickel (active) 

Iconel (active) 

Hart alloy C (active) 

Brass 

Copper 

Bronzes 

Copper-nickel alloys 
Monell 
Silver Solder 
Nickel (passive) 

Iconel (passive) 

Chromium (non-passive) 

18-8 Chromium-nickel-iron (passive) 

Hastelloy C (passive) 

Silver 

Graphite 

Gold 

Platinum 

Protected end (Cathode) 


reduced which may result in undesirable reductions in strength or corrosion 
resistance. In addition, hot water quenching is known to produce non-uniform 
cooling which may cause greater distortion than expected [80]. 

ALCOA has used carbonated water to moderate the rate of heat removal. 
Carbonated water is prepared by dissolving carbon dioxide (C0 2 ) at 0.001-0.2 stan- 
dard cubic feet of gas per gallon of water, depending on the water temperature 
[79,81,82]. Although other gases that exhibit sufficient solubility in water may be 
used, such as ammonia and nitrogen, C0 2 is preferred because it is odorless, rela- 
tively inexpensive and highly soluble in water. A typical immersion and spray quench 
system for use with carbonated water quench systems is illustrated in Figs. 71 and 72 
respectively [79]. 
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Figure 69 Ideal quench path for high strength aluminum alloys. 



Figure 70 Comparison of the cooling profile of cold water, warm water, a single concen- 
tration of a Type 1 polymer quenchant and carbonated water. 

NOTE: Industrial processes using these gases must be subjected to careful 
safety reviews in view of the potential safety hazards associated with high concen- 
trations of these gases in the work area that may lead to asphyxiation. Proper ven- 
tilation is essential! 
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Figure 71 Quench tank design for immersion quench using carbonated water. 


It is thought that the mechanism of quenching in carbonated water involves the 
formation of an insulating gas or vapor barrier around the aluminum surface upon 
initial immersion. The gas or vapor barrier is formed by the coalescence of water 
and CO 2 bubbles (varying from 100 to 350 microns in size). Upon further cooling, 
the CO 2 and water vapor bubbles break away from the surface and are reabsorbed 
into the water. Very little fluid motion at the water surface is observed during 
cooling. When vaporization of CO 2 ceases, the cooling capacity of the quench 
medium approximates that of cold water (if cold water is used). 

If cold water quenching is needed, the carbonated water may be pumped to a 
storage tank or discarded (since CO 2 is environmentally benign) and cold water 
added to the tank. Alternatively, a pressurized air sparge may be used to remove 
the CO 2 , thus quickly restoring the quenchant to that of a cold water quench. 
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TO 

DRAIN 


Figure 72 Schematic of a spray quench system for use with carbonated water. 


Variations of this technology may be employed to achieve continuously variable 
cooling rates. 

A related process has been patented by Japanese workers where the film boiling 
region is extended to a sufficiently low temperature and the material strength exceeds 
the induced thermal stress. At this point, the cooling rate is increased and the metal 
cooled at a rate equal to or greater than the critical cooling rate [83]. In some cases, 
sodium chloride or sodium carbonate additives are used to control the stability 
through the film boiling region. 

2.4.4 Other Quenching Media 

Other quench media have been reported which include cryogenic liquids such as 
liquid nitrogen [84], aqueous concentrates of sulfite-yeast media [85], and quenching 
into “mud” composed of water, clay, an additive of magnetite or ferrosilicon [86]. 
Other additives may be present to provide corrosion protection, anticoagulation 
and antifoaming. However, cold water, hot water and aqueous polymer solutions 
are the most frequently used throughout the world to process aerospace aluminum 
parts. 

2.5 Intergranular Corrosion 

If the diffusion process is sufficiently fast during quenching, alloying elements and 
compounds may precipitate in the grain boundaries. Intergranular corrosion occurs 
in aluminum-copper alloys; Al-Cu-Mg (2xxx), Al-Zn-Mg-Cu (7xxx) and Al-Mg 
(5xxx) alloys containing > 3.5% Mg [87], Intergranular corrosion in 2xxx and 7xxx 
series aluminum alloys is caused by the loss of copper or sufficient magnesium 
in areas near the grain boundaries to create an anodic electrochemical potential. 
The electrochemical potential of various aluminum alloys, provided in Table 19, 
shows that the presence of copper in solid solution with aluminum makes it more 
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Table 19 Electrode Potentials of Aluminum Solid Solutions and Constituents" 


Solid Solution Composition 

Potential, Volts, 0.1N 
Calomel Scale* 

a (Ag-Mg) (Mg 5 AL 8 ) 

- 1.24 

A1 + Zn + Mg (4% MgZn 2 Solid Solution) 

- 1.07 

Al + Zn (4%"zn Solid Solution) 

- 1.05 

/I (Zn-Mg) (mmgZn 2 ) 

- 1.05 

Al + Zn (1% Zn^Solid Solution) 

-0.96 

A1 + Mg (7% Mg Solid Solution) 

-0.89 

A1 + Mg (5% Mg Solid Solution) 

-0.88 

A1 + Mg (3% Mg Solid Solution) 

-0.87 

a (Al-Mn) (MnSi 6 ) 

-0.85 

Aluminum (99.95%) 

-0.85 

Al + Mg + Si (1% MgSi 2 ) 

-0.83 

Al + Si (1% Si Solid Solution) 

-0.81 

Al + Cu (2% Cu Solid Solution) 

-0.75 

(A1 - Cu) (CuA1 2 ) 

-0.73 

Al + Cu (4% Cu Solid Solution) 

-0.69 

u (Al-Fe) (Fe-Al 3 ) 

-0.56 

NiAI 3 

-0.52 

Silicon 

-0.26 


"Data from ALCOA Research Laboratories. 

^Measured in aqueous solution of 53 g NaCl + 3 g LLO 2 per liter at 25°C 


cathodic [88]. An aluminum alloy containing 4% copper in solid solution will exhibit 
an electrochemical potential of —0.69 V. However, copper concentrations in grain 
boundaries may reduce the electrochemical potential to -0.84 V making it more 
anodic. Grain boundary corrosion may also occur when the grain boundary 
precipitates are either more anodic than the adjacent solid solution (Mg 2 Al 3 , 
MgZn 2 , and Al x -Zn x Mg) or more cathodic (CuAl? and Al x Cu x Mg) [89]. 

The degree of intergranular corrosion may be controlled by selection of the 
temper and maximizing the cooling rate permissible to still provide distortion con- 
trol. For example, the T4 and T6 temper conditions are typically selected when 
optimum resistance to intergranular corrosion is required [90]. Schuler reported that 
the critical cooling rates (cooling rates between 750-550°F) for the 7xxx series to be 
<400°F/sec and 1000°F/sec for the 2xxx series for optimal resistance to 
intergranular corrosion [90]. However, insufficient quench rates are not the only 
cause of intergranular corrosion. Other factors include transfer rate from the furnace 
to the quench, air entrainment in the quench tank, and the ratio of section 
mass/ surface area [90]. The data in Table 20 show the effect of cooling rate on 
increasing intergranular corrosion in AA7075 cylindrical bar [91]. The depth of 
attack was consistently higher toward the center of quenched bars when the cooling 
rate was slower. 
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Table 20 Effect of Cooling Rate on Maximum Intergranular Penetration of 7075 as a 
Function of Cooling Rate 


Sample 

Cooling Rate 
(50 mm Dia Bar) (°C/sec) 

Location" 

Depth of 
Attack (mm) 

A 

53 

Surface 

0.46 



Center 

0.56 

B 

50 

Surface 

0.30 



Center 

0.86 

C 

30 

Surface 

0.46 



Center 

0.61 

D 

17 

Surface 

0.74 



Center 

1.09 


"Surface — within 3.2 mm of cylinder surface 
Center — within 3.2 mm of cylinder centerline. 


2.6 Residual Stress Reduction 

Type I polymer quenchants have been reported to offer significantly greater residual 
stress reduction than hot water in a number of studies. The results of one of the 
earliest reported studies which was conducted using the Sach’s Bore Out Method 
on aluminum A 356 castings are shown in Fig. 73 [55,91], 

Torgerson and Kropp conducted residual stress and other mechanical property 
measurements on specimens quenched in hot water and a Type I polymer quenchant 
at various concentrations using both AA7050-T736 forgings and plate [92]. It was 
found that Type I quenchants provided minimum distortion while still meeting 
the design minimums for forgings up to 5 in. thick. 

2.6.1 Campbell’s Analysis 

When an aluminum part, such as a casting, is solution heat treated and quenched into 
room temperature water, the difference between the initial and final temperature is 
nearly 500°C. Since the core of the casting cools more slowly than the surface, strains 
(e) will be introduced that are proportional to the coefficient of thermal expansion ( a) 
and the temperature difference (AT) [93]. 

e = a • AT 

oc has a value of approximately 20 x 10 -6 K -1 . The approximate value of quench 
strain under these conditions is: 

20 x 10~ 6 • 500 = 1.0% 

The strains are at least ten times the yield strain, as illustrated in Fig. 74 [93], and 
exceed the elastic limit which may lead to cracking during quenching. 

Measured centerline quench rates for a 20 mm bar are illustrated in Fig. 75 [93]. 
The modulus is determined from its volume /surface area (area /circumference ratio) 
and is determined to be 5 mm. From this estimation and Fig. 75, it is possible to 
determine the cooling rate where distortion and cracking problems may occur. 
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Figure 73 Residual stress comparison of hot water and a Type 1 quenchant as a function of 
concentration for A356 aluminum castings. 


Using the thermal properties from Table 21, which relate to aluminum at 
approximately 250°C and steel at 500°C, the thermal diffusivity (d) of aluminum 
is calculated. The diffusivity for different thicknesses (x) where heat can diffuse, 
may be estimated from: 

x — (dt)~ l/2 
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As-Cast 
And Stress 
Relieved 


After Solution 
Treatment And 
Water Quenched 


After 

Ageing 


Effective 

Final 

Stress-Strain 

Relations 


Figure 74 Sequence of steps to illustrate the origin of residual stress in quenching and aging 
treatments. 



of Heat During Quench (mm) 

Figure 75 Cooling rate for a 5 mm modulus aluminum plate subjected to various quench 
severities. 
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Table 21 Comparison of Physical Properties of Aluminum and Steel 



Thermal Conductivity 

Density 

Specific Heat 

Thermal Diffusivity 

Metal 

(W/m/K) 

(pkg/m 3 ) 

(Cp) J/kg/k 

(d) (m 2 /k) 

Aluminum 

200 

2700 

1000 

10 4 

Steel 

50 

7800 

500 

10 3 


If ,\'=: 10 mm, t— 1 sec, the cooling rate upon cooling from 500°C to 250°C is: 

AT 250 

Cooling Rate (CR) = -j- — — j— = 250 K/sec 

Using this process, the relationship between average diffusion distance at different 
cooling rates may be determined as shown in Fig. 76. 

If the following relationship is used [93]: 

AT 



Figure 76 Rate of quench versus diffusion distance for heat during the critical time of the 
quench showing the extent of safe and dangerous regimes for aluminum castings and test 
bars. Area 1 was the regime for test bars quenched in water. Area 2 was quenched in 
35% of a polymer quench. 
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Where AT is 500 — 250 = 250 for aluminum and a critical parameter may be 
calculated: 

(x 2 • CR) crix = D • 2~crit 

Where the critical value of DAT for aluminum alloys is: 2.5 x 10~ 2 for aluminum 
alloys and 2.5 x 10 -3 for steel. Therefore, if the value for X or Q is sufficient to 
meet the critical parameter, then there will be a high probability of quench stresses 
in excess of the yield stress in the casting. 


2.6.2 Uphill Quenching 

Uphill quenching is also known as “deep freezing” or “tricycle stress relieving”. This 
process is conducted by immersing quenched aluminum parts into dry ice or liquid 
nitrogen followed by immersion in boiling water or blasting with high pressure steam 

[94] , (See Table 22 for comparison of different cooling-heating processes [95].) The 
objective of uphill quenching is to offset residual stresses formed by rapid cooling 
by rapid heating thus producing a substantial decrease in residual stresses of the 
overall process. To be effective, the temperature gradients ( T) formed from the uphill 
quench must be greater than those formed by normal “deep freezing” and the sub- 
sequent heating must not be sufficient to affect the tensile properties [95], 

The uphill quench process, shown schematically in Fig. 77, is conducted in four steps 

[95] : 

1. The quenched part is cooled to a “sub-zero” temperature, usually using 
liquid nitrogen. The effect of delay in conducting the uphill quenching pro- 
cess on stress reduction is shown in Table 23 [5], 

2. The parts are held at the sub-zero temperature until they have achieved 
thermal equilibrium. 

3. The parts are immediately transferred to the elevated temperature 
medium, high-pressure steam. 

4. The part is then aged in accordance with the alloy and desired temper. 

Although uphill quenching may be effective for some parts, such as those 
quenched in cold water, the uphill quenching process may not be effective with parts 
having low residual stresses such as those quenched in hot water or aqueous polymer 
quenchants. 


Table 22 Comparison of the Effectiveness of Various Cooling and Heating Media for 
Uphill Quenching (AA7049 Aluminum Alloy)" 


Cooling Medium 

METHOD 
Heating Medium 

AT 

% Stress Relief 

Liquid Nitrogen 

High-Pressure Steam 

371 

82 

Dry Ice 

High-Pressure Steam 

219 

48 

Liquid Nitrogen 

Low-Pressure Steam 

244 

44 

Liquid Nitrogen 

Boiling Water 

110 

19 

Dry Ice 

Boiling Water 

110 

19 
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ln 2 — 

Dry ice- 
LN, — 
LN 2 — 
Dry ice 


Methods compared 
Method 

Steam (high velocity) 
Steam (high velocity) 
Steam (low velocity) 
Boiling water 
Boiling water 


AT 

Stress relief 

371 

82% 

219 

48% 

244 

44% 

110 

19% 

110 

19% 


*2- * 2- x 1 2-inch specimens processed within 1 'A hours after quench 

The uphill quench process 
Steps required Variables 


1) Cool to required temperature 

2) Stabilize at temperature 

3) Transfer to heating chamber 

4) Uphill quench to establish AT 



ry ice (sometimes) 


Steam recommended 
Boiling water (sometimes) 
Oven (not usually effective) 


Figure 77 Comparison of different uphill quenching methods. 


Table 23 Effect of Delay in Uphill Quenching from the Initial Quench on Stress Reduction 
(AA7049 Aluminum Alloy) 


Delay After Quench (hr) 

Measured Residual Stress (psi) 

Stress Reduction (%) 

1 

4000 

83 

3 

7000 

71 

8 

10000 

58 

24 

14000 

42 


2.7 Distortion Control 

One of the most difficult problems in the aluminum heat treating industry is dis- 
tortion control [95]. Type I polymer quenchants will significantly reduce distortion 
relative to a water quench as shown in Fig. 51 [55]. Selected examples of parts that 
have been successfully quenched in a Type I quenchant are shown in Fig. 78 [96], 
Fig. 79 [96], and Fig. 80 [97]. Suttie reported that a Type I PAG quenchant provided 
significant distortion reduction for 7075-T6 forgings relative to cold water while 
producing substantially higher tensile strengths than boiling water [27], Similar 
results were reported by Collins and Maduell on the same alloy [98]. 

2.7.1 Quench Severity and Distortion 

Quenching media must be selected to provide film coefficients and quench factors 
capable of producing acceptable properties in the section thicknesses of interest, 
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Figure 78 Lycoming engine head (390 alloy) (a) quenched upright in 25% Type 1 quenchant 
and (b) quenched in 25% Type I quenchant on its side to facilitate more uniform fluid flow to 
minimize distortion. (This engine cracked in boiling water.) 
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Figure 79 Dip-Brazed 6061 panel section. 



Figure 80 7075-T6 die forging quenched in 20% Type 1 quenchant. 


as previously discussed. However, it is desirable not to use a medium which possesses 
an excessively high film coefficient if distortion is to be minimized consistent with 
meeting the required properties. Excessively high film coefficients result in higher 
temperature gradients across thick sections and large temperature differences 
between thick and thin sections. This in turn aggravates residual stress and distortion 
problems. 

Figure 81 illustrates a 76.2 mm diameter aluminum alloy bar probe instrument 
with two thermocouples, one in the center and the other 6.35 mm from the surface. 
Beck has employed dual thermocouples to study thermal gradients in silver probes 
used in quenchant studies in Europe [99]. The data from properly instrumented 
probe may also be used to determine residual stresses introduced during quenching 
[ 100 ], 

Cooling curves were obtained at these thermocouple positions when this bar 
was quenched in 32°C water flowing at 0.25 m/sec, and the curves are illustrated 
in Fig. 82. The temperature difference between the two thermocouples, calculated 
at the center temperature minus the surface temperature, is also shown plotted 
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Figure 81 Cross-section of a 76.2 mm AA7075 alloy probe instrumented with center and 
near surface thermocouples. 



AT, °C 

Figure 82 Cooling curves and temperature difference across a 76.3 mm diameter AA7075 
probe quenched into 32°C water flowing at 0.25 mm/sec. 


as a function of the center temperature (on the ordinate) [4], It is observed that the 
maximum temperature difference across the bar was approximately 110°C and 
the maximum value occurred shortly after the start of quenching while the center 
temperature was approximately 425°C. 

Similar temperature-time histories and the temperature differences across the 
probe when quenching in 60°C water and 20% Type I Polymer Quenchant flowing 
at 0.25 m/sec past the probe are illustrated in Figs. 83 and 84 respectively. The data 
in both cases are superimposed on the 32°C water data previously shown in Fig. 
82. The higher water temperature of 60° C reduced the maximum temperature dif- 
ference to 60°C and the 20% solution of Type I Polymer Quenchant reduced the 
difference to a value of 69°C. The film coefficients associated with these quenchants 
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AT, °C 


Figure 83 Cooling curves and temperature difference across a 76.3 mm diameter AA7075 
probe quenched into 32 and 60°C water flowing at 0.25 mm/ sec. 



AT, °C 


Figure 84 Cooling curves and temperature difference across a 76.3 mm diameter AA7075 
probe quenched into water and a 20% solution of a Type 1 polymer quenchant solution 
at 32°C flowing at 0.25 mm/sec. 


were presented in Tables 10 and 11. The temperature difference across the section 
decreased as the film coefficient decreased. 

High film coefficients can produce even larger differences in temperature 
between thick and thin sections of a part. Cooling curves associated with a 76.2 mm 
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0 40 80 1 20 1 60 200 240 280 

AT, °C- 


Figure 85 Cooling curves and temperature difference across a 12.7 and a 76.3 mm diameter 
AA7075 probe quenched into 32°C water flowing at 0.25 mm/sec. 


section and a 12.7 mm section quenched in 32°C water flowing over the part at a 
velocity of 0.25 m/sec are illustrated in Fig. 85. Water at this temperature and vel- 
ocity had a film coefficient of about 4.78 W/cm 2 K and produced a maximum tem- 
perature difference between the two sections of approximately 290°C. 

The thermal stress in a part, which causes distortion during quenching, is a 
function of the alloy thermal expansion coefficient, elastic modulus and temperature 
difference within the part. Minimizing the thermal stress requires that the tempera- 
ture difference be minimized since no control can be exercised over either of the 
physical properties. 

The temperature differences across plates up to 76 mm thick were calculated 
using a finite difference heat transfer program in which the film coefficient was used 
as an input value. The results are illustrated in Fig. 86 where the temperature dif- 
ference is the maximum calculated value between the plate center and a location 
1.60 mm beneath the surface. The temperature difference across a given section 
thickness increased progressively as the film coefficients increased. In order to mini- 
mize the temperature across a part to reduce the thermal stress, the film coefficient 
must be minimized while cooling fast enough to guarantee the minimum yield 
strength can be met. This can be done by selecting and using the most appropriate 
quenchant and operating conditions. 

Archambault et al. have suggested an alternative technique involving computer 
control of quenchant spray heads aimed at different areas of a part [101]. This 
approach can be used to control cooling rates and minimize thermal gradients. 
Additional control can be exercised, as a function of time, on the heat transfer 
coefficient by these means [4,102,103]. More precision in the calculated results 
can undoubtedly be obtained using film coefficients that vary with the probe 
temperature. Several investigators have shown how a functional relationship can 
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Figure 86 The effect of film coefficient on the temperature difference between the surface 
and center of AA7075 aluminum alloy plates. 


Vertically Racked: 

Before Heat Treat After Heat Treat 


Correct Horizontal 
Racking Technique 





Figure 87 AA6061 assembly showing effects of different racking methods on distortion. 


be established between film coefficient or heat flux and the probe temperature 
[104-107], but these methods were not used in the current study which assumed 
a constant effective film coefficient. 

Quenching real parts is usually more complicated than quenching sheets, bars 
and plates because most real parts do not have a uniform cross-section. Many air- 
craft structural members consist of flanges reinforced by thin web sections. When 
such a part is quenched in water, the web section temperature drops far more quickly 
than the temperature in the heavier flange. The large temperature difference creates a 
high thermal stress which often causes plastic deformation in the web. When the 
heavy flange cools, it contracts onto the thin web and often causes buckling or 
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the “oil-can” effect. Efforts to reduce web thicknesses in order to remove weight 
from structural members aggravates the buckling problem by producing thinner 
sections that cool even faster than the flanges. The only feasible approach to reducing 
plastic flow in web sections with conventional quenching technology is to reduce the 
heat transfer coefficient at the web-quenchant interface, while not reducing the film 
coefficient so much that the quench factor in the flange is too high to allow properties 
to be met. 


2.7.2 Racking 

One of the major causes of distortion is non-uniform heat removal from the parts 
being quenched. To minimize distortion, the placement of the parts, commonly 
known as “racking”, in the quench tray is critical. The most important factors 
to be considered in this regard are [108-111]. 

1. Part Spacing. 

2. Part Configuration. 

3. Agitation. 

4. Immersion Rate. 

5. Thickness Variation within the Part. 

6. Quench Medium. 

7. Part Spacing — Perhaps the most important consideration is part spacing. 
It is essential that sufficient space be provided around the part to optimize 
quenchant — surface area contact. This enhances heat extraction from the 
hot surface while minimizing the formation of hot spots or localized tem- 
perature increases within the quenchant due to poor fluid flow (agitation) 
[109], 

8. To achieve optimal flow, parts must be properly “racked” with the use of 
“fixtures” [97]. Fixtures may be a basket or a rack with places to hang or 
place small parts so that they will not move when immersed in the 
quenchant. Larger parts, although relatively heavy, must be racked prop- 
erly to assure uniform heat removal during the quench. Such parts should 
not be indiscriminately dumped into a basket and quenched. Instead, the 
parts must be placed in the tank so that adequate fluid flow around all of 
the surfaces is assured. 

9. The amount of space between the parts must be increased with increasing 
mass. For water quenching, the distance between part surfaces must 
increase with with higher quenchant temperatures. Water temperatures 
greater than 160°F should not be used for larger cross-sections [110]. 

10. Part Configuration - Croucher’s rule of thumb is to place parts in a bas- 
ket so that they will offer least resistance to fluid flow [111]. 

11. Agitation — Figure 87 shows that the directional placement of a complex 
part in the quenchant is often important if distortion and cracking 
are to be prevented. A simple analysis is often sufficient to assure that 
reasonable fluid flow around the part is obtained. For example, situations 
where the part would be placed to block fluid flow may create hot spots 
leading to more distortion [1 10]. An illustration of such a part is provided 
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in Fig. 80. (Note: Similar distortion problems may be observed during 
heating where the mechanical load on a part may be sufficiently high 
to cause plastic deformation [111].) 

12. Immersion (Dropping) Rate — Immersion rate is defined as the rate that 
the part is immersed into the quenchant [109]. Distortion is generally 
reduced by increasing immersion rates. Immersion rates are usually in 
the range of 0.5-8 ft /sec but, in some cases, it is not possible to rack 
the part in a way that promotes fluid flow around the surface. In such 
cases, lower immersion rates are recommended. 

13. Thickness Variations — Since large cross-sections cool more slowly than 
thinner cross-sections, complex shapes may be inherently prone to dis- 
tortion. When this occurs, racking configuration may be used to help 
offset cross-section size variations. 

14. Quench Media Selection — Although certain quench media may provide 
lower propensity for distortion, proper racking procedure cannot be 
ignored. Generally, the same racking considerations are recommended 
for aqueous polymer quenchants as for water. 
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1 INTRODUCTION 

Machining constitutes one of the major and most important manufacturing 
processes. Typically, a machining operation is one of the final requirements in 
the production of a component used in the industrial sector including the automotive 
and aerospace industries. In these industries, aluminum and its alloys continue to 
play a critical role in the manufacture of components. Of particular importance 
to designers is the high strength to weight ratios which aluminum enables and good 
appearance characteristics. The addition of alloying elements and subsequent tem- 
pering processes have made aluminum and its alloys into viable alternatives for tra- 
ditional steels in many applications. However, with this newfound thrust 
towards using aluminum and aluminum alloys, considerable confusion and appre- 
hension has been caused due to the corresponding inability to predict the machining 
performance when using a particular aluminum alloy. 

This chapter is aimed at providing professionals involved in machining of 
aluminum an up-to-date perspective on the current state-of-art and the future direct- 
ions in aluminum machining. Initial emphasis is placed on the classification of the 
aluminum alloys, since a major portion of process planning decisions are dependent 
on the properties of the material being machined. The chapter then focuses on 
the topic of machining performance, the different machining performance measures 
such as cutting forces, tool-life, chip-form /chip breakability, etc. and their impact 
when machining aluminum and its alloys. The increased challenges in machining 
aluminum alloys has resulted in innovative approaches towards the design of cutting 
tools, especially diamond-based cutting tools. This issue is addressed with corre- 
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lation to the effects on the machining performance. Finally, three current challenging 
areas which provide much future scope are studied, namely: (i) high speed machining 
of aluminum alloys; (ii) dry machining of aluminum alloys; and (iii) machining of 
aluminum-based metal matrix composites (MMCs). 


2 CLASSIFICATION OF ALUMINUM AND ITS ALLOYS FROM A 
MACHINING STANDPOINT 

A detailed classification of aluminum and its alloys based on the work material 
properties, temper grades, individual effects of alloying constituents, etc., has been 
provided in many handbooks and research literature (e.g. ASM Specialty 
Handbook: Aluminum and Aluminum Alloys [1].) In this section we deal with the 
classification only from a machining standpoint and the effect of such a classification 
on the selection of the tooling (from the cutting tool geometry such as inclination 
angles, rake angles, etc. for the corresponding cutting conditions such as feed, 
cutting speed and depth of cut.) A broad general classification of aluminum alloys 
can be made on the basis of the primary mode of fabrication of the alloy and 
its properties and capabilities as follows: 

• Cast alloys 

• Wrought alloys 

• Strain-hardenable alloys 

• Heat-treatable alloys 

A more specific of classification of aluminum alloys can be made on the basis of 
the quantity of the silicon content in the material; namely, low-silicon content and 
free-machining aluminum alloys; and high-silicon content aluminum alloys. 

2.1 Low-Silicon Content and Free-Machining Aluminum Alloys 

These alloys are classified on the basis of their low silicon content which is typically 
less than 12%. They are also termed as hypoeutectic alloys. Typical examples of 
alloys falling under this classification are: 2024-T4, 6061-T6, 2011-T3, 
Duraluminum, etc. These materials are generally rather soft and gummy and have 
a tendency to stick to the cutting tool when machining. They are also characterized 
by low melting temperatures. Built-up edge problems may occur during machining 
due to the tendency to stick to the cutting tool. They can be machined by carbides 
as well as diamond-based tools (PCD or diamond coated tools). 

2.2 High-Silicon Content Aluminum Alloys 

These alloys are based on their comparatively higher silicon content which is usually 
greater than 12%. They are also commonly termed as hypereutectic alloys. Typical 
examples of such alloys are: A390, A390-1, etc. These materials are more abrasive 
to machine and the degree of abrasiveness increases with an increase in the silicon 
content. This abrasiveness is usually caused by the hard particles of free silicon which 
are dispersed throughout the material. The constitution of such alloys results in 
tearing of the material when machining rather than the usual shearing mechanism. 
Cutting forces are comparatively higher when compared with low-silicon content 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Machining 


1065 


alloys. Carbide tools cannot be used for machining these alloys and the most effec- 
tive cutting tool materials are the diamond-based cutting tools. These alloys are 
now finding wide application in the automobile industry. 


3 MACHINING PERFORMANCE 

The assessment of machining performance is a much sought-after goal of manufac- 
turers keen on achieving excellent quality at reasonable costs. However, there have 
been very few attempts at a comprehensive definition for indicating the machining 
performance. The term “machinability” has been traditionally used to indicate some 
level of the machining performance, however, it has been largely restricted to the 
work material alone. Machinability ratings for aluminum alloys span into 5 groups, 
with ratings: A, B, C, D and E; and are ordered in increasing order of chip length 
and decreasing order of surface quality. In many cases changing the temper grade 
on an alloy will improve the chip breakability, thereby improving the machinability. 
A case in this regard is the application of a T6 temper to the 2024 and 7075 alloys; 
this results in an improvement in the machinability rating from D (continuous, 
unbroken chips) to B (curled and easily broken chips). Table 1 shows the 
machinability ratings for wrought aluminum alloys whereas Table 2 shows the 
machinability ratings for cast aluminum [1], However, it must be noted that the 
ratings in these tables must need constant updating due to the tremendous advances 
in cutting tool materials, coatings and chip breaker geometries. 

3.1 Machining Performance Measures 

In order to shift the traditional focus of machinability on the work material to a more 
comprehensive level involving the technological machining performance which 
includes the other two major components of the machining system (namely the 
cutting tool and the machine tool in addition to the work material), a comprehensive 
consideration of important measures which indicate the machining performance 
needs to be taken into account. These performance measures typically include 
the following: 

• Cutting force /power /torque: This provides important diagnostic infor- 
mation on the energy required to machine the work material, thereby indi- 
cating the level of machining performance and the ease or 
machinability of cutting the material. This measure also gives important 
interrelated insights into the other performance measures such as tool-wear 
and chip-form. 

• Tool-wear/tool-life: The tool-wear and ensuing tool-life indicate the level 
of performance attainable for that particular work material-cutting 
tool-machine tool combination under a given set of cutting conditions. 
The progressive tool-wear significantly affects the other machining per- 
formance measures. The rate of tool-wear is a most frequently used per- 
formance measure. 

• Chip-form/chip breakability: The chip-form and chip breakability are 
immediate and easily recognizable performance measures for assessing 
machinability. In fact, in order to quickly assess the machining 
performance, the chip form is an invaluable indicator of the level of 
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Table 1 Machinability Ratings of Wrought Aluminum Alloys 
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Table 2 Machinability Ratings of Cast Aluminum Alloys 
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machining performance. The direct reference to machinability of the work 
material (in this case, aluminum alloy) in general however needs to be 
counter-balanced by an appropriate consideration of the cutting tool (the 
tool material - substrate and coating; and the chip-breaker configuration). 

• Surface roughness /surface integrity: The surface quality, as indicated by 
the surface roughness, and to a lesser extent, the surface integrity (in terms 
of direct visual observation as well as a simple test of the surface roughness) 
provide immediate information regarding the level of machining 
performance. 

• Part accuracy: The part accuracy is one of the least modeled of machining 
performance measures, despite its significance in product specification. 
It has very close interrelationships with the other performance measures. 
The accuracy achieved during the machining process provides valuable in- 
formation about the performance attained and possible indicators for 
rectification. 

3.1.1 Cutting Force/Power/Torque 

The cutting force or power required to machine aluminum alloys is generally much 
lower than that for conventional steels and irons. From a productivity viewpoint, 
the low cutting forces generated when machining aluminum alloys are thus an 
advantage when selecting aluminum alloys as the work material. Figure 1 shows 
the effect of cutting speed on five different aluminum alloys [2], In a very direct 
reference to the machining performance, it is clear that the 2011-T3 alloy provides 
the best results of the surveyed materials from general machining knowledge; 
the lower cutting forces exhibited in this plot confirm the good machinability of 
2011-T3 alloy. 

The use of flat-faced and grooved cutting tool inserts result in variation in 
cutting forces. Also, changes in the cutting parameters such as feed and depth 
of cut will cause changes in the cutting forces. One of the more complex operations 
involved in machining is the contour turning operation. From a research point 
of view, the contour turning operation provides an opportunity to study the effect 
of continuous variation of effective tool geometry (due to the varying side-cutting 
edge angles and effective rake and inclination angles) and the cutting parameters 
such as depth of cut on the machining performance. Figures 2(a) and 2(b) show 
the variation of cutting forces along the contour (in terms of effective side-cutting 
edge angle) for a flat-faced (PCD) tool and a grooved (CVD diamond-coated) tool 
respectively [3], when machining 201 1-T3 aluminum alloy. One can notice the nega- 
tive radial forces arising due to the changes in the effective geometry of the cutting 
tool. The large changes in the cutting forces along the contour profile result in 
varying chip flow and consequently varying chip-form. This is discussed in greater 
detail in the section on chip-form/ chip breakability (Sec. 3.1.3). 

The variation in cutting forces when machining with carbide tools and PCD 
tools has been investigated by Konig [4]. Figure 3 shows a plot of this comparison; 
it is observed that the forces in machining with PCD tools are much lower and that 
the machining is done at much higher cutting speeds. 

One of the recent technological advances in machining methods has been the 
use of ultrasonic vibration machining [5]. This research work investigated the high 
silicon content A390 alloy which is typically hard to machine due to the widespread 
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Figure 1 Effect of cutting speed on cutting force for five aluminum alloys. (From Ref. 2.) 


content of abrasive silicon. This alloy is generally used in the manufacture of engine 
blocks and air compressor cylinders due to their high wear resistance, low density 
and high strength at elevated temperatures. Figure 4 shows the variation of cutting 
forces as functions of (a) cutting speed; (b) depth of cut; and (c) feed rate when 
using conventional and ultrasonic vibration methods. 

3.1.2 Tool-Life/Tool-Wear 

Tool-life and tool-wear are very important criteria for assessing the machining per- 
formance when machining aluminum with carbides and FISS tools. Flowever, with 
the widespread use of diamond-based tools, the tool-life problem has been alleviated 
to a great deal. Konig [4] in his work on machinability of cast aluminum alloys has 
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Figure 2 Variation of cutting forces with effective side cutting edge angle during a contour 
turning Operation using (a) flat-faced tools; and (b) grooved tools. (From Ref. 3.) 
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Figure 3 Variation of cutting forces in turning of aluminum alloy (GK-AlSil7Cu4FeMg) 
with carbide and PCD tools. (From Ref. 4.) 


clearly shown the quantitative advantages of using diamond-based tools (in this case, 
PCD tools) as compared with conventional carbide tools (Fig. 5). There is also 
strong evidence of the negligible role of the machining operation on the tool-life 
when machining aluminum alloys; the tool-life was very similar for turning and face 
milling operations [Fig. 6(a) and 6(b)]. Typically, tool-life is very much dependent on 
the silicon content in the work material. This corresponds very well with the higher 
cutting forces that are necessary for the machining of hypereutectic alloys. Also, 
the sticky nature of aluminum alloys tends to cause a build-up of material on 
the cutting tool thereby reducing the tool-life although without considerable wear 
of the tool. 

A comparative study of dry machining of aluminum alloys by using uncoated 
carbide tools, PCD tools and CVD diamond tools has revealed the importance 
of selecting the suitable tool material in order to attain the “best” tool-life and conse- 
quently a high level of machining performance [6], In order to compare the wear 
characteristics between the uncoated cemented carbide tool and the CVD 
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Figure 4 Variation of cutting forces with (a) cutting speed; (b) depth of cut; and (c) feed, 
when machining A390 alloy using conventional and ultrasonic vibration methods. (From 
Ref. 5.) 
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Figure 5 Comparison of tool-life in turning of aluminum alloy (GK-AlSil7Cu4FeMg) with 
carbide and PCD tools. (From Ref. 4.) 


diamond-coated tool, the machining was performed on a low silicon content alumi- 
num alloy (A380 with 8.5% Si). However, to compare the PCD tool’s performance 
with the CVD diamond tool, the machining was carried out on a high silicon content 
aluminum alloy (A390 with 17% Si) since carbide tools cannot be used when 
machining high silicon content aluminum alloys. The plots showing the flank wear 
over the cutting time for the machining of A380 and A390 alloy are shown in Fig. 
7(a) and 7(b) respectively. It can be seen that the CVD diamond-coated tool 
performed exceptionally well when compared with the uncoated carbide tool. 
The excellent performance of the CVD diamond-coated tool was attributed to 
the outstanding mechanical properties of the diamond coating and the strong 
adhesion to the carbide substrate. Since the A380 alloy has comparatively low silicon 
content, the abrasive action of silicon is not present and the CVD diamond tool 
suffered hardly any tool-wear. It can be seen that the CVD diamond tool also 
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cutting speed v- cutting speed v. 

c VB- width of flank wear land 

Figure 6 (a) Comparison of tool-life in turning. (From Ref. 4.) 


performed very well when compared to the PCD tool when machining the more 
abrasive and tough-to-machine A390 alloy. The failure of both tools was attributed 
to abrasive wear mechanisms. However, the PCD tool provided a much better degree 
of surface finish when compared to the CVD diamond-coated tool. 


3.1.3 Chip Form/Chip Breakability 

Chip form and chip breakability are very strong indicators of the degree of 
machining performance that is achieved. A thorough, state-of-art research work 
which explains the role of chip control in machining has been recently produced 
under the sponsorship of CIRP [7]. A very effective method of observing the effect 
of machining parameters, depth of cut and feed, is in the form of a chip chart. Figure 
8( a) and 8(b) shows representative chip charts for the machining of Aluminum alloy 
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presum Pie cast alleys die cast alloys 



Figure 6 (b) Comparison of tool-life in face milling of aluminum alloy 

(GK-AlSil7Cu4FeMg) with carbide tools. (From Ref. 4.) 


6061 with two different nose radii of 0.4mm and 0.8mm [8]. Specifically related to 
aluminum and its alloys, chip control has been a vexing issue, especially due to 
the typical snarled and stringy chips that aluminum machining produces. 

The final chip-form results from the direction of chip flow, the chip curl radius 
and the bending moment caused by the free-end of the chip anchoring on the tool 
flank or the rotating workpiece, thereby causing the chip to break. The chip-groove 
configurations on tools force the chip to curl tightly and enable it to effectively break 
into a small size. Typical areas wherein chip control can be a problem are in finish 
machining of components with complex contours, e.g. the wheel rims of auto- 
mobiles. The finish cut during such operations involves machining along a contour. 
This results in a continuously varying depth of cut and a relative continuously chang- 
ing tool geometry. In order to obtain a better understanding of the complex chip flow 
mechanism in contour turning of aluminum alloys, Blasius [3] performed exper- 
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Figure 7 Variation of flank wear with time using (a) uncoated carbide inserts; and (b) PCD 
brazed carbide inserts during machining of A390 alloy. (From Ref. 6.) 


iments with 201 1-T3 aluminum alloy with a PCD flat-faced tool and a CVD diamond 
coated grooved tool. The work contour was experimentally designed to provide con- 
tinuously varying machining parameters and tool geometry. The chip side-flow angle 
was measured by using a high speed filming system which operated at 1000 p.p.s. 
[Fig. 9(a) and 9(b)]. The surface roughness obtained from machining using the 
two different cutting tool inserts was also measured. 

Chip-form and chip breakability are greatly influenced by the type of alumi- 
num alloy used and its material properties. The aluminum alloy 2011 is a high 
strength and free cutting alloy which exhibits excellent machinability. It provides 
excellently broken chips thereby exhibiting a strong degree of chip control, in 
addition to excellent surface quality and low tool-wear rates. Alloys such as 2024-T4 
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Tool: TNMG 331 - 2 t Valenite 
Holder: PTGNR 2020-33 Sumitone 
Material: Aluminium B6Q61 
Cutting Speed: 125 m/min 
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Figure 8 Chip charts showing effect of varying nose radius (a) r e = 0.4mm and (b) 
r 8 = 0.8 mm on resulting chip-form when machining of Aluminum B6061 alloy. (From Ref. 8.) 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 





1082 


Jawahir and Balaji 



Effective Side Cuttittj £d<e An(lr {deg) 



Effective Si dr Cllttiug EdgcAngJt (deg) 


Figure 9 Variation of chip side-flow angle with the effective side cutting edge angle in con- 
tour turning of A16061 with (a) flat-faced inserts; and (b) grooved inserts. (From Ref. 3.) 
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and 2017-T4 tend to produce continuous chips, thereby necessitating the use of a 
chip-breaker geometry on the cutting tool insert. The CVD diamond-coated tool 
inserts with chip-breaker geometry are ideally suited for ensuring a high degree 
of chip control with these materials. Alloys such as 6061-T6 and 5056-H38 are com- 
paratively more difficult to machine and produce sharp and stringy chips which are 
difficult to break. Soft alloys such as 5052, 3003 and 1100 tend to produce more 
soft and gummy chips, thereby necessitating careful selection of chip-breaker 
geometries and tool coatings [1], 

In an investigative case study on trouble shooting of uncontrollable chips, 
Maekawa et al. [9], studied the machining of aluminum heat rollers. The cutting 
conditions used are shown in Table 3. Six different types of tool inserts and tool 
geometry were used in the analysis. The details of these tool inserts and geometry 
are provided in Table 4. The resulting chip morphology at the various combinations 
of cutting conditions and tool geometry are provided in the form of a chip chart in 
Fig. 10. It can be seen that the tool geometry of Cases 5 and 6 and the cutting con- 
ditions corresponding to Case (c) (see Table 3) provided the best degree of chip 
control for the machining operation. This case study shows the importance of 
selecting the right tool geometry (especially the chip-groove geometry and the tool 
angles). 

Case Study: Change in Material Improved Chip Breakability 
Performance 

The hydraulic division of Parker Hannifin improved machining performance by 
obtaining better chip control when they replaced the conventional Al 6061-T6511 
extruded aluminum alloy with the cold finished Al 6013-T8 aluminum alloy for 
production of hydraulic valve blocks [10]. The 6013-T8 alloy produced small, well 
broken chips, thereby negating continuous monitoring for chip control problems. 
In addition to better chip control, the new material possessed 50% higher strength 
than the extruded 6061 alloy and provided anodizing and corrosion resistance com- 
parable to the 6061 alloy. The excellent degree of chip control provided by this 
material also improved other performance measures such as surface quality and 
resulted in the capability to machine to finer tolerances. The overall machining pro- 
ductivity improved by 15-25% due to the selection of the 6013 alloy with great 
reductions on the deburring required for the finished part. 

3.1.4 Surface Roughness/Surface Integrity 

Surface roughness and surface integrity are important performance measures which 
indicate the performance level attained by using the particular work material-tool 
material combination and the corresponding suitable feeds, speeds and depth of cut. 
The importance of considering surface roughness /surface integrity when machining 
Aluminum and its alloys arises due to the high thermal conductivity and low melting 
temperatures. This can result in considerable deformation to the generated surface. 
The residual stress induced in the machined work material has been used as a sig- 
nificant measure of the surface integrity. Considerable work has been done by 
researchers on the generation of residual stresses when machining aluminum alloys 
[1 1-13]. The effects of the cutting speed on the residual stresses at various nose radii, 
feeds and depths of cut respectively, when machining aluminum alloy 2014 are 
shown in Fig. 11(a), 11(b) and 11(c) [14]. One can see that in all three cases the 
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Table 3 Cutting Conditions for Machining of Aluminum Heat Rollers 



Case (a) 

Case (b) 

Case (c) 

Cutting speed (m/min) 

375 

375 

375 

Feed (mm /rev) 

0.5 

0.25 

0.35 

Depth of cut (mm) 

0.5 

1.0 

1.0 


Source: Ref. 9. 


Table 4 Tool Geometry Used in Machining of Aluminum 
Heat Rollers 



Source: Ref. 9. 


least peak residual stress occurs at the middle of the tested range, indicating the need 
for considering this type of a non-linear optimum when selecting the tool geometry 
and cutting conditions in order to minimize the effect of the residual stresses. It 
can also be seen that the depth of cut plays a very minor role in influencing the 
residual stresses induced in the surface of the machined material. The microstructure 
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Figure 10 Chip morphology at various combinations of cutting conditions and tool 
geometry. (From Ref. 9.) 


of the machined surface for the 3014 aluminum alloy at a feed rate of 0.1 mm/rev and 
0.2 mm/rev is shown in Fig. 12(a) and 12(b) [14]. 

The relationship between the surface roughness and the cutting parameters 
such as cutting speed, axial and radial depth of cuts and the feed rate was inves- 
tigated in high-speed machining of aluminum with a diamond and a sintered carbide 
end-mill [15]. The results of this study are shown in the plots in Fig. 13. It can be seen 
that the diamond end-mill far outperformed the carbide end-mill as far as perform- 
ance in terms of surface roughness. The relative quality of the surfaces produced 
by the carbide end-mill and the diamond end-mill can be seen in Fig. 14, where 
the diamond end-mill provides almost near perfect reflective surface quality. 

The role of advanced technology such as ultrasonic vibration cutting was dis- 
cussed earlier in Sec. 3.1.1. The comparison of surface roughness as a function 
of cutting speed is provided in Fig. 15(a). The conventional and ultrasonic methods 
were compared with both a PCD tool and a SCD (single crystal diamond) tool when 
machining A390 alloy. The SCD tool far outperformed the PCD tool but is not an 
economic alternative. The variation of the surface roughness with respect to the 
depth of cut and the feed rate is shown in Fig. 15(b) and 15(c) respectively. The 
ultrasonic method tended to provide better results in terms of surface roughness 
just as it did in the case of cutting forces. However, this technology is yet to be 
tested at a major level on industrial platforms to see its true benefits for large scale 
production. 

General Case Study: Machining Performance Evaluation of 
Hypereutectic Al-Si Alloys 

As mentioned earlier in Sec. 2, hypereutectic aluminum alloys are finding niche 
applications in the automotive industry due to their high resistance to deformation 
at high temperatures, resistance to wear and the advantageous strength-weight 
ratio. However, the excellent resistive properties of this material also make it very 
difficult to machine. The high content of hard silicon crystals contributes a great 
deal making it difficult to machine. Weinert et al. [16] in a recent study have exam- 
ined the machining performance of hypereutectic aluminum alloys in a heat treated 
(T6) and a non-heat treated condition with varying cutting materials and cutting 
conditions. The machining performance measures used for assessing the machining 
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Figure 11 Variation of the residual stress with cutting speed at varying (a) tool nose radii; 
(b) feeds; and (c) depths of cut when machining Aluminum 2014 alloy. (From Ref. 13.) 
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Figure 12 Microstructure of the machined surface of Aluminum 2014 alloy at (a) 
feed = 0.1 mm /rev. (magnification = 400 x); and (b) feed = 0.2 mm /rev. (magnification = 
100 x) (depth of cut = 3 mm, flank wear = 0.1 mm, cutting speed = 125.7 m/min. and tool nose 
radius = 0.4 mm). (From Ref. 14.) 


performance were tool-wear and surface quality. The range of cutting speeds used in 
the study varied from 200 to 400 m/min. This study concluded that the CVD 
diamond-coated tools and the PCD tools exhibited excellent wear resistance, 
whereas carbide tools coated with titanium nitride performed very poorly due to 
high wear-rates. Figure 16 shows the SEM pictures of four cutting tools after 750 sec 
of cutting time: (a) uncoated carbide; (b) coated carbide (titanium nitride coating); 
(c) diamond-coated onto carbide substrate; and (d) polycrystalline diamond (PCD) 
tool. Figure 17 shows the different widths of the wear land VB for the different 
cutting tools and their dependence on cutting time t c . A comparative analysis of 
cemented carbide tools and the different grain sizes showed that the larger grain 
size improved resistance to tool-wear. The performance study on the surface 
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Figure 13 Variation of surface roughness with (a) cutting speed; (b) axial depth of cut; (c) 
radial depth of cut; and (d) feed per tooth during high-speed machining of Aluminum 2024 
alloy with a diamond and sintered carbide end-mill. (From Ref. 15.) 
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Figure 14 Relative surface quality obtained by using a diamond end-mill and a sintered 
carbide end-mill during milling of Aluminum 2024 alloy (cutting speed = 377 m/min., 
feed/tooth = 0.00038 mm/tooth, radial depth of cut = 6 mm, axial depth of cut = 0.04 mm). 
0.04mm). (From Ref. 15.) 


roughness showed that surface quality depended primarily on the cutting tool com- 
position and the wear conditions of the tool. The PCD tool gave the best surface 
quality (R z = 2-3 /an) and the coated and uncoated carbide tools gave R : of around 
3-6 /an. An investigative analysis of the surface integrity of the heat-treated alloys 
(machined material) with a SEM showed no metallurgical changes in the material. 
The analysis of the non heat treated alloy showed that severe plastic deformation, 
cracks and breaks in the hard phases were observed when machining with the carbide 
tools. The analysis with a PCD tool showed minimal damage to the surface 
microstructure. The representative SEM micrographs showing the sub-surface 
microstructure when machining with carbide tools and PCD tools are shown in Fig. 
18 [16]. 

4 THE CUTTING TOOL 

The selection of the most appropriate cutting tool is a major selection decision for a 
process planner when planning for the machining of an aluminum alloy. 
Additionally, there has to be a decision on the necessity of a coating (especially 
for carbides) as well as the presence of a chip-groove for breaking the “stringy” 
chips typical of finish machining of aluminum alloys. The use of carbides for 
machining of aluminum alloys is slowly fading out. Even with a tool coating, 
the tool-wear rates compare very inferiorly with that of the more effective 
diamond-based tools. Unless the machine tool cannot operate at the recommended 
high speeds for diamond-based tools, the usage of carbide tools is not recommended. 
Diamond tools and coatings exhibit ideal properties for the machining of 
non-ferrous alloys. The most suitable of these properties are: 

• high hardness 

• low coefficient of friction 

• high thermal conductivity. 
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Figure 15 Variation of surface roughness with (a) cutting speed; (b) depth of cut; and (c) 
feed when machining A390 alloy with conventional and ultrasonic methods. (From Ref. 5.) 
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(a) 


(c) 



• HM - Diamant 

• VB = 0,037 mm 
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(d) 


Figure 16 SEM photographs of four cutting tools after 750 sec of cutting of hypereutectic 
Al-Si alloys: (a) uncoated carbide (VB = 0.056 mm); (b) titanium nitride coated carbide 
(VB = 0.065 mm); (c) diamond coated carbide (VB = 0.037 mm); and (d) polycrystalline 
diamond PCD (VB = 0.02mm); (Work material = AlSi25X, cutting speed = 400 m /min., 
feed = 0.1 mm /rev., depth of cut= 1.0mm, tool nose radius = 0.8 mm). (From Ref. 16.) 



Figure 17 Variation of flank wear land VB with cutting time r c for different cutting tools 
(Notation: HM-TiN = TiN coated carbide, HM-MK = uncoated carbide, HM-TiAIN = 
TiAIN coated carbide, HM-Diamant = diamond coated carbide, HM-PKD = PCD.) (From 
Ref. 16.) 
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Figure 18 Representative SEM micrographs showing the sub-surface microstructure after 
machining of hypereutectic Al-Si alloy (AlSi25X) with (a) uncoated carbide; and (b) PCD 
tools. (From Ref. 16.) 


There exist two major classes of diamond-based tools: 

1. Polycrystalline diamond (PCD) tools 

2. CVD diamond coated tools 

Polycrystalline diamond tools have been in use for almost 40 years. These tools 
are manufactured by brazing a PCD tip onto a substrate such as carbide. However, 
this type of tool manufacture restricts the usage to just one cutting edge per insert. 
The CVD diamond coated tools are available typically in two sub-classes; with thick 
and thin coatings. The thin film diamond coating is applied directly to the substrate 
material whereas the thick film diamond coating is grown, polished and then brazed 
onto the substrate material. 

Recent tests by a prominent toolmaker (Kennametal, Inc.) have shown that 
tools with a CVD coating (approximately 30 /an thick) equaled or exceeded the 
tool-life of comparable PCD tools, depending on composition and microstructure 
of the work material [17]. However, the PCD tool provided a better surface finish. 
In terms of tool-life, the PCD and thick CVD diamond coated tools provided excel- 
lent tool-life but a poor degree of chip control. The thin CVD diamond-based tools 
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offer the advantage of easy applicability on to a tool with an effective chip-breaker 
design, thereby providing added chip control benefits. 

The higher cost of diamond-based tools is offset by the higher productivity due 
to operation at high cutting speeds (ranging from 500 to 2500 m/min) and the better 
quality of the machined surface. However, when machining hypoeutectic alloys with 
a solid PCD tool, chip control is a big problem. In these cases the use of a CVD 
diamond-coated tool with a chip breaking groove is highly recommended. This type 
of cutting tool insert provides the advantage of a diamond tool with the effectiveness 
of good chip breaking. In the case of hypereutectic alloys, the abrasive particles of 
silicon embedded in the work material serve as a natural chip breaker, and in many 
cases a solid PCD tool can be used for effective machining of such alloys. 


5 HIGH SPEED MACHINING OF ALUMINUM ALLOYS 

High speed machining is one of the fast growing technological areas closely related 
with the machining of light metal alloys. High speed machining has several advan- 
tages apart from the obvious increase in machining productivity and these include 
[18]: 

• increased machining accuracy, especially in the manufacture of parts con- 
taining thin webs 

• better surface finish and reduction in the damaged layer 

• reduced burr formation 

• better chip disposal 

• possibility of higher stability due to superposition of stability lobes against 
chatter vibration. 

Since the typically used diamond tools have excellent tool-life characteristics, 
tool-life is not a limiting factor in the high speed machining of aluminum alloys. 
Advances in machine tool structural technology and control systems have enabled 
the production of dedicated machine tools capable of effectively using high speed 
machining. Chip removal rates can be increased by five times in high-speed roughing 
and finishing of aluminum alloys. The recommended machining parameters for 
wrought aluminum alloys are a cutting speed of 4700 m/min. For cast hypoeutectic 
alloys (< 12% Si), CVD diamond coated chip-breaker tools are highly suitable 
at cutting speed of 1300 m/min. The high speed machining of cast hypereutectic 
alloys ( > 12% Si) requires the use of PCD tools with cutting speeds of 1200 m/min. 

Recent research work [15] has shown the remarkable improvement of surface 
quality and the reduction in built-up edge and burr formation when performing high 
speed milling with diamond end mills. Figure 19 shows the advantages of using high 
speed machining with diamond end mills as compared to conventional milling 
methods. Also, previously shown in Fig. 14 are the contrasting results obtained 
in surface quality by high speed machining with diamond tools as compared with 
conventional carbide tools. The excellent surface quality obtained from such high 
speed machining negated the necessity of using a finishing process such as lapping 
or polishing. They also determined that the most critical parameter affecting the 
surface quality was the axial depth of cut. 
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Figure 19 Advantages of using high-speed diamond milling over conventional milling and 
plain high-speed milling. (From Ref. 15.) 


Case Study: Machining of Thin Web Structures for Boeing’s 737 Aircraft 
High speed machining has been used very effectively in the production of thin web 
aluminum alloys stringers which assemble onto the Boeing 737 aircraft. Stringers 
are long, horizontal members to which the aircraft’s aluminum skin is riveted. 
Spindle speeds upto 25000 rpm were used in the drilling of the holes for the stringers. 
A dedicated fixturing system had to be designed for performing the high speed 
machining [19]. 


6 DRY MACHINING 

Dry machining of advanced materials is being widely promoted in the manufacturing 
industry. The major reasons for shifting towards dry machining are: 
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1. environmental concerns over disposal of cutting fluids and the damage 
they cause to the environment 

2. economic factors 

3. health hazards to operators due to wet machining. 

A recent study by Daimler Benz showed that up to 16% of the total production 
cost is coolant related [20]. There has been a renewed initiative in German industries 
to aim for dry or “nearly dry” machining. The U.S. Council for Automotive 
Research’s Partnership for a New Generation of Vehicles (PNGV) has targeted 
dry machining of aluminum as one of the major focus areas for further research 
leading to development of new tools and materials, and development of innovative 
systems for optimal chip formation, ejection and disposal [21]. 

Aluminum alloys are extremely critical to the subject of dry machining. 
Typically, the problems associated with dry machining of aluminum alloys arise 
from the high level of thermal conductivity of the work material thereby leading 
to surface deformation. The other very significant problem arises from the adhesion 
of the work material onto the cutting tool, which resulted in ending of the tool-life. 
In a recent CIRP keynote paper, the most critical aspects to be considered in 
the dry machining of aluminum alloys are discussed [22]. It is suggested to use 
MQL (minimum quantity of lubricant ) to offset the problems in pure dry machining 
of aluminum alloys. The positive effect of using MQL when machining aluminum 
alloys is shown in Fig. 20. It is also recommended that PCD inserts or more pref- 
erably diamond-coated inserts with a chip-groove be used for effective machining 
of aluminum alloys. The use of a chip-groove causes considerable difference in 
the level of chip control that is attainable, especially for breaking the stringy chips 
which are very typical of aluminum machining. 

In a recent study of industrial perspectives on dry machining, it was suggested 
that for machining aluminum, near-dry machining with minimal coolant consump- 
tion is a promising approach [23]. A metered supply of biodegradable oil drops 
at the cutting edge through a nozzle in the tool aids in effective machining of alumi- 
num with large savings in lubricant consumption and environmental damage. 

However, in terms of tool-life, wet machining still provides better tool-life. 
This can be seen in Fig. 21 [1] wherein there is a comparison of dry turning with 
wet turning when using diamond and carbide tools. Table 5 provides a list of com- 
mon cutting fluids used for machining aluminum. The cutting fluids used however 
need to be reduced scientifically to attain MQL in order to provide better machining 
performance without undergoing the hazards of truly wet machining. 


7 MACHINING OF ALUMINUM-BASED METAL MATRIX COMPOSITES 
(MMCS) 

One of the major developments which has provoked the necessity of a revised 
material selection process by designers and manufacturers has been the introduction 
of metal matrix composites (MMCs). These MMCs are finding niche areas for appli- 
cation wherein they are replacing traditional materials. MMCs have advantages over 
other fiber-based composites and their wear resistance and lightness make them very 
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Figure 20 Comparative effects of using pure dry machining and MQL (minimum quantity 
of lubricant) machining on aluminum workpieces. (Front Ref. 22.) 


suitable in automobile body parts such as brake drums and rotors. The MMCs 
typically comprise of aluminum matrix composites reinforced by either of the 
following: 

• continuous fibers (boron, silicon carbide, alumina, graphite) 

• discontinuous fibers (alumina, alumina-silica) 

• whiskers (silicon carbide) 

• particulates (silicon carbide, boron carbide, alumina, etc.). 

MMCs are renowned for their high specific strength, high wear resistance but 
poor machinability. The major problem associated with MMCs containing silicon 
carbide is the difficulty in machining due to the presence of the hard and abrasive 
silicon carbide or other reinforcement materials. Correspondingly, the major focus 
of research on the application of MMCs has been directed towards the following 
two areas: 

1. Establishment of machinability parameters and scientific selection proce- 
dure for tool inserts and cutting conditions for the MMCs; and 

2. Assessing the effect of reinforcement directions on the machining perform- 
ance of such MMCs. 
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Figure 21 Comparison of tool-life when dry turning and wet turning of sand cast alloy 390 
with carbide and diamond tools. (From Ref. 1.) 


The literature on machinability of the MMCs is very limited in content. 
Machining performance measures such as the cutting force, torque and tool-wear 
were studied during the drilling and reaming of aluminum alloys and MMCs by 
using a PCD tipped tool [24]. The MMC (containing silicon carbide particulates) 
produced the largest tool-wear whereas the hypoeutectic alloy (with low 
silicon-content) produced the lowest tool-wear (Fig. 22). It can also be seen that 
the MMC produced the larger cutting force [Fig. 23(a)] and the largest torque [Fig. 
23(b)] when using the PCD tipped drill. Hung et al. [25] have researched the 
machining performance of silicon carbide-based MMCs by using tool-wear as a 
machining performance indicator. They tested a variety of tool materials (ranging 
from high speed steel to polycrystalline diamond (PCD)) and concluded that cubic 
boron nitride (CBN) and PCD tools fractured the silicon carbide particles along 
their crystallographic planes and thereby induced little damage on the MMC matrix, 
whereas the other tools delaminated the particles from the matrix, further roughened 
the particles and also significantly deformed the MMC matrix. Figure 24 shows the 
comparative tool-life given by the different tool materials when facing Al-Li SiC p 
MMC. The comparative pictures showing the sub-surface deformation undergone 
by the machined material when using the carbide tool and the diamond tool is clearly 
shown in Figure 25 (a) and (b). 
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Figure 22 Flank wear results from drilling experiments on Al-Si alloys and MMC using 
PCD tipped drills. (From Ref. 24.) 



(a) 



(b) 


Figure 23 Experimental results from drilling of Al-Si alloys and MMCs with PCD tipped 
drills showing the variation of (a) thrust force, and (b) torque with number of holes drilled. 
(From Ref. 24.) 



Figure 24 Comparative tool-life produced by different tool materials when facing Al-Li 
SiCp MMC (depth of cut = 0.5 mm, feed = 0.07 mm/rev., dry machining), (From Ref. 25.) 
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Figure 25 Sub-surface plastic deformation of 20% Al-Li SiC p MMC due to facing with (a) a 
carbide tool; and (b) a diamond tool. (From Ref. 25.) 


The critical role of tool-wear in the machining of MMC’s has been discussed 
already. The reinforcement materials which are very hard, cause severe g abrasive 
wear of the tool materials. The higher the hardness of the reinforcement material, 
the higher the tool-wear. Figure 26 shows the tool-wear (flank wear VB) when 
machining (a) silicon carbide and (b) boron carbide reinforced aluminum MMC’s 
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Figure 26 Tool-wear when turning (a) 20% SiC reinforced aluminum; and (b) 10% B 4 C 
reinforced aluminum with a PCD tool. (From Ref. 26.) 
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with PCD tools [26]. It can be seen that just 10% of boron carbide (B 4 C) induces 
higher tool wear at a cutting speed of 250 and 500 m/min. Until the severe problems 
of abrasive tool-wear during the machining of MMCs is not solved, the overall 
machining performance cannot improve. Considering the many advantages of 
MMCs, the research community needs to address the issue of higher cutting forces 
(to a lesser extent) and the high degree of abrasive tool-wear in order for promoting 
more widespread use of MMCs in industrial practices. 


8 SUMMARY 

The review and analysis presented in this chapter on machining of aluminum and its 
alloys indicates the growing industrial trend in the application of machined parts and 
the associated technological challenges involved in achieving “optimum” machining 
performance. The role of new cutting tool development and the related machining 
applications are also presented in this chapter. Emerging areas of research and 
applications are identified, and this includes high speed machining, dry machining 
and machining of aluminum-based MMCs. The advantages of pursuing high speed 
machining have been highlighted with experimental results and a case study. 
Currently, the use of MQL (minimum quantity of lubricant) machining has found 
to be more favorable over purely dry machining of aluminum from the machining 
performance standpoint. Further research is necessary for approaching effective 
pure dry machining of aluminum alloys. The advantages of using aluminum-based 
MMCs has been counterbalanced by the poor machinability exhibited by them. 
The issue of high cutting forces and accelerated tool-wear during machining of 
aluminum-based MMC’s needs to be researched more thoroughly before they 
can be used on a large scale. Automotive and aerospace applications of aluminum 
alloys have in recent years strengthened the need for future research and partnership 
among the various industry groups and universities /research institutions. 
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1 INTRODUCTION 

An inherent limitation of conventional aluminum (Al) alloys, like many metals and 
alloys, is that they are unstable when plastically deformed by stretching. This is 
responsible for the catastrophic necking observed on tensile testing and also for 
the limited extent of uniform deformation possible during processes such as stretch 
forming which involve mainly tensile stresses [1], 

In recent years attention has turned to superplastic (SP) materials which are 
relatively stable when deformed in tension. This behavior is related to the obser- 
vation that the flow stress of a superplastic material is very sensitive to the rate 
of deformation. The characteristic equation which describes superplastic behaviour 
is usually written: 

a — ks m (1) 

where er is the flow stress, k is a constant, e is strain rate and m is the strain rate 
sensitivity of flow stress. If superplasticity is regarded as a type of creep behavior 
then Eq. (1) may be re-written as: 

z = k\o" (2) 


where n, the stress exponent for deformation is equal to Mm. 

A material is usually considered to be superplastic under conditions where it 
displays an m value > 0.3. An important feature of SP alloys is that their flow 
stresses are low compared with those of conventional materials. During tensile 
deformation the effect of high m is to inhibit catastrophic necking. Necks which 
tend to develop lead to a localized rise in s and to strain rate hardening which inhibits 
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neck propagation. Hence, differences in cross-sectional area propagate very slowly 
so that necking is diffuse and relatively uniform. The m values of commercial 
SP alloys lie in the range 0.4-0. 8. The consequences of these high m values is that 
SP materials are capable of undergoing abnormally high tensile strains prior to fail- 
ure with elongations of 500-1000% not being uncommon, although an alloy which 
exhibited an elongation in excess of 200% could be considered to be superplastic. 
The highest elongation recorded to date is ~8000% for a commercial aluminum 
bronze [2], 

The combination of low flow stresses, usually < lOMNm -2 , and relatively 
high uniformity of plastic flow has led to commercial interest in the superplastic 
forming (SPF) of components, often of complex shape, from sheet materials using 
techniques similar to those developed for the gas pressure bulge forming of 
thermoplastics. SPF can lead to considerable savings in materials and manufacturing 
costs, particularly if a component can be redesigned to take advantage of the benefits 
of the process or where a component of complex shape which is normally built up 
from several pieces can be formed as a single part. Other advantages are that 
SPF is a near net-shape forming process, multiple parts can be produced in one 
operation, there is little or no spring-back, only one major tool is required rather 
than an accurately matched pair of tools or multiple tools, and for A1 alloys the 
die sets are relatively inexpensive because of the moderate temperatures associated 
with the process (~500°C), and they can be produced quickly. 

While it is clear that SP alloys have numerous attractions for use in tensile sheet 
forming processes, there are also some limitations. Firstly, superplasticity is confined 
to relatively few A1 alloys and is a characteristic of materials which can be 
thermomechanically processed to develop fine stable grains, of size preferably 
< 10 /on. Superplasticity is associated with slow strain rates, usually in the range 
10 -4 sec -1 — 5 x 10 -3 sec -1 , that can lead to relatively long forming times involving 
several minutes, or even up to 2 h for critical parts, rather than seconds, and with 
a limited range of temperatures, > 0.5 T m , where T m is the melting point in degrees 
Kelvin. For A1 alloys the forming temperatures are likely to lie in the range 
460-530°C, which is ~0.9 T m , so the problem of maintaining small grain sizes 
requires special attention. Further, A1 alloys are prone to cavitation during super- 
plastic flow. 

Superplastic forming is not a high volume production process and it caters for 
what have been termed niche markets involving low to medium volume production 
(10s to 1000s) of medium sized parts (0.1-4m 2 ), often of complex shape and high 


There are two main types of superplastic behavior: fine grain or micrograin superplasticity, and internal 
stress superplasticity. In the latter case, internal stresses of magnitude similar to the flow stress of 
the material can be developed by thermal cycling of a polycrystalline metal or solid solution exhibiting 
a phase change, or having anisotropic thermal expansion coefficients, or of a composite with constituents 
of different thermal expansion coefficients, e.g. A1 alloy/SiC. Under these conditions the material exhibits 
m ~ 1. Hence, the application of a small external stress leads to an increment of tensile plastic flow during 
each cycle, while repeated cycling can give substantial tensile strains. The potential for bulge forming of 
metal matrix composites (MMCs) by thermal cycling has been demonstrated for AA6061-10% volSiCp 
sheet material [3]. However, an internal stress superplasticity has not so far been exploited as the basis 
of a commercial process, the present Chapter will be concerned only with fine grain superplasticity. 
Internal stress superplasticity has been reviewed by Nieh et al. [4], 
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added value. However, it is an important sheet metal forming process for a number 
of A1 alloys and is used to produce a wide range of products for structural and 
non-structural applications in fields as diverse as aerospace, architecture, medical 
equipment, telecommunications and transport. 


2 MECHANICAL ASPECTS OF SUPERPLASTICITY; 
CHARACTERIZATION OF SUPERPLASTIC ALLOYS 


2.1 Mechanical Aspects of Superplasticity 

The most important mechanical characteristic of a SP material is its high strain rate 
sensitivity of flow stress, m, as defined in Eq. (1). It can be seen from this equation 
that if the relationship between a and s is plotted logarithmically, then the slope 
of the plot is m where: 


9(log ff) 
9(1 °g e) 


(3) 


Data for AA7475 for several temperatures are shown plotted in Fig. 1(a) [5], It is seen 
that where the stress-strain rate curve is fully developed it has a sigmoidal shape and 
that m (~0.85) is observed at passes through a maximum (Fig. 1(b)). For this 
material, maximum m ( ~ 0.85) is observed at 516°C at a strain rate of ~3 x 
10~ 4 sec _1 . A value of m >0.3 delineates the superplastic regime (Region II). 
The high (Region III) and low (Region I) strain rate regions exhibit values of m 
in the range 0. 1-0.3, although for Region I the slope of the curve can vary. 

At high strain rates (Region III) m ~ 0.2, deformation is by recovery con- 
trolled dislocation creep (power law creep). Strain is accumulated by the glide of 
dislocations within the grains but is dependent on the rate at which obstacles such 
as other dislocations, solutes and precipitates, can be by-passed. It is generally 
assumed that dislocation climb is the rate controlling process. The observed acti- 
vation energy for flow in Region III is similar to that for lattice diffusion and 
the strain rate is relatively insensitive to grain size. Other features of this region 
are the observation of slip lines and the development of high dislocation densities 
within the grains. Crystallographic texture increases and significant grain elongation 
occurs. 

At intermediate strain rates in Region II where high relatively uniform strains 
are observed, i.e. the SP regime, the flow process is less well understood, although 
there is substantial agreement on the microstructural features associated with it. 
Equiaxed grains tend to remain equiaxed throughout deformation, regions which 
initially show microstructural banding tend to develop a more uniformly equiaxed 
structure, and crystallographic texture may be reduced. The activation energy 
for flow in Region II is similar to that for grain boundary diffusion. Strain is 
accumulated in the SP regime by the motion of individual grains, or groups of grains, 
relative to each other by sliding and rotation. 

If grain boundary sliding occurred in a completely rigid assembly of grains then 
holes or cavities would develop in the microstructure. However, as several SP 
materials do not cavitate, grain boundary sliding must be accommodated. The most 
probable accommodation processes involve diffusion and/or glide and climb of dis- 
locations. Many attempts have been made to develop theories capable of predicting 
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Figure 1 (a) Stress versus strain rate; (b) m versus strain rate, for AA7475. (From Ref. 5.) 


both mechanical and microstructural features of SP deformation but none has been 
completely successful. The various models proposed are outside the scope of the 
present text but some have been subject to review [6-8]. 

At low strain rates (Region I) the slope of the stress versus strain rate plot can 
vary. In many alloys m is low and this has been interpreted as evidence for some 
form of threshold stress for SP flow, although grain growth hardening at low strain 
rates can complicate the interpretation of this region. 
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The mechanical behavior of superplastic materials is very sensitive to tempera- 
ture and grain size. In general, increasing temperature or decreasing grain size have 
similar effects on the variation of flow stress with strain rate. Increasing the tem- 
perature decreases the flow stress, particularly for Regions I and II [Fig. 1(a)]. Maxi- 
mum m has been found to increase with increasing temperature and decreasing grain 
size, and the strain rate for maximum m moves to higher values [Fig. 1(b)]. 

While the strain rates at which superplasticity is normally observed in alumi- 
num alloys, 10~ 4 sec _1 —5 x 10“ 3 sec _1 , are considerably less than those often associ- 
ated with conventional hot and cold shaping processes, there has recently been a 
substantial interest in high strain rate superplasticity ( > 10~ 2 s _1 ). Aspects of this 
phenomenon will be outlined in a later section. 


2.2 Characterization of Superplastic Alloys 

To determine whether a given material is superplastic it is necessary to characterize 
its flow behavior as a function of strain rate and temperature. As noted above, 
the most important mechanical characteristic of a superplastic alloy is its high strain 
sensitivity of flow stress, or m value, and the optimum conditions of strain rate and 
temperature would be those which led to a maximum value of m. However, 
alternatively, or additionally, characterization could involve measurement of tensile 
elongation for a range of constant strain rates, including that for optimum m if this 
was known, since during SPF a part being shaped can experience significant 
variations in strain rate. In addition these tests could be used to gain metallogaphic 
information about cavitation and the effect that this has on fracture behavior. 

Constant strain rate tensile tests also give useful information about flow stress 
levels and hence, the pressures required for SPF. They frequently provide evidence 
of significant hardening which may occur during SP flow (Fig. 2) [9]. This is primarily 
related to grain growth. At higher strain rates approaching Region III of the 
stress-strain rate curve, hardening is associated with dislocation creep in the 
material. 
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The above tests would normally be carried out under laboratory conditions 
using uniaxial testing, but it has been shown that the information gained can reflect 
behavior during biaxial forming [10,11], Grimes and Butler used a drape forming 
tool devised by Superform Aluminium, which had corner radii of progressively 
increasing severity, for the qualitative evaluation of SP formability [10]. Only 
material showing high tensile ductility was capable of being formed without failure 
at the sharpest radii. 

Attempts to produce a standard test for SP formability led to the development 
of the biaxial cone test [12] (Fig. 3). Sheet is bulged into a conical die of constant 
angle (~57°), designed to give a constant average strain rate by maintaining con- 
stant pressure conditions after the expanding sheet had just made contact with 
the side of the die. The geometry was subsequently modified by Goforth et al. 
to a variable angle to give a more constant strain rate throughout the test [11]. 

The cone test can be carried out with an imposed hydrostatic pressure (back 
pressure). The parameters measured from the test include the radius of curvature 
and sheet thickness at the pole, and the height of the cone. Material flow stress, 
strain and strain rate, obtained from the cone test provides useful data for the 
modeling of SPF. Metallography can be used to detect cavitation in the cone. 
The cone test is also used as an acceptance test for SP sheet material in that the 
cone is required to rise to a predetermined height when subjected to a given pre- 
ssure-time cycle. 

An essential component of any process model of SPF is the constitutive 
relationship for the material, that is the relationship between stress, strain, strain 
rate, temperature and microstructure. The strain rate, e, at which a SP material will 



Figure 3 Cone test carried out on 1.5 mm thick 7475 SP sheet. 
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deform has been defined by the simple relationship given in Eq. (2). This can be 
restated in an expanded temperature dependent form given by: 


AGbD 

(b\ p 

tffeffV 

kT ' 

U/ 



(4) 


where G is shear modulus, b is the burgers vector, k is Boltzmann’s constant, T is 
absolute temperature, d is grain size and p is the exponent of inverse grain size 
(usually 2 or 3 in Region II); D is a diffusion coefficient (= D 0 exp(-Q s / RT), where 
D 0 is a frequency factor, Q s is the activation energy for the appropriate diffusion 
process and R is the gas constant. Deformation is driven by the deviatoric (shear) 
component of the effective stress field characterized by <7 e ff, equal to a — co, where 
a is the applied stress and er 0 is a threshold stress. A is a dimensionless constant. 

For constant stress and temperature it can be seen from the above equation 

that: 


Since the value of p lies between 2 and 3 for SP flow, the dramatic effect that a 
reduction in grain size could have on strain rate is clearly apparent, e.g. an order 
of magnitude reduction in grain size could lead to an increase of 10 2 10 3 in SP strain 
rate. Alternatively, for a given strain rate, a reduction in grain size could enable SPF 
to be carried out at a lower temperature, although this would be accompanied by an 
increase in flow stress. Procedures used to develop ultra-fine grain sizes and the effect 
that these have on SP behavior will be considered in the final section. 

To establish a constitutive relationship such as Eq. (4) it is necessary to deter- 
mine values for the materials parameters m,p, Q s and er 0 . Procedures for obtaining 
these values are outlined. Since the effective stress, ff e ff , rather than the applied stress, 
a, should be used in the determination of the first three parameters, unless a and er eff 
are little different, then the principles involved in the measurement of er 0 will be 
considered first. 


2.3 Determination of er 0 

It can be seen from Eq. (4) that the threshold stress, er 0 , for a given T and grain size, 
can be obtained by plotting the applied stress, er, against e m and extrapolating to 
zero strain rate. Although the value of this parameter may be relatively small 
compared with stress levels in the middle of the SP range (Region II) its existence 
can have a significant effect on the magnitude of <r e ff at lower strain rates. 


2.4 Determination of m 

In an ideal material where the microstructure remains constant, true flow stresses can 
be obtained by carrying out tensile tests at a range of constant strain rates and 
measuring the steady state loads. As indicated above, most engineering materials 
are microstructurally unstable at elevated temperatures and the flow stress will 
continue to increase with increasing strain due to the effects of grain growth 
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(Fig. 2). It is therefore important to determine the flow stress at constant structure 
and this can be done by carrying out step strain rate or strain rate jump tests, 
originally developed by Backofen et al. [13]. 

To measure m over a range of strain rates a tensile specimen is deformed at a 
velocity which will produce a strain rate in the middle of the range until a steady 
state is attained. The crosshead speed is reduced to a low value and allowed to 
stabilize before being measured. A repeated incremental increase in crosshead 
velocity allows the load to be measured at a range of strain rates. A typical load-time 
plot is shown in Fig. 4. The true stresses are calculated from the maximum loads, 
crosshead velocities and instantaneous lengths of the sample, and corrected for 
threshold stress. The derivative of the best fit curve to a logarithmic plot of true 
effective stress against true strain rate then gives m and its variation with strain 
rate in the range of interest [Fig. 5(a) and (b)]. It should be noted that the data 
shown in these figures have not been corrected for er 0 , which is relatively small 
for 8090. 

2.5 Determination of p 

To obtain the grain size exponent,/), for a given temperature, it is necessary to obtain 
logarithmic plots of er eff versus e, as outlined above, for material with a range of grain 
sizes. It then follows from Eq. (4) that p can be obtained from plots of log <r e ff versus 
log d for constant e and T, or log e versus log d for constant <7 eff and T. 

2.6 Determination of Activation Energy, Q s 

To determine the activation energy for SP flow, Q s , the temperature dependence of 
the relationship between flow stress, a, and strain rate, e, for a constant 
microstructure must be determined as described above. To a first approximation 


TIME 



Figure 4 Load versus time record for a repeated velocity jump test on AA8090 at 500°C. 
Crosshead speed in mm /min is given on graph. 
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where B and C are material constants. Provided m remains constant over this range 
of temperatures, then Q s may be obtained from an Arrhenius plot of In e versus 
reciprocal of absolute temperature at constant stress (slope = — Q s /R). In practice 
the temperature range used may not be insignificant, m may vary with T at a given 
stress, and measurements should be made for a modulus compensated stress rather 
that the actual stress. For these reasons it may be difficult to relate the measured 
Q s value to a particular physical process. The significance of constitutive equations 
in relation to SPF will be considered later. 


3 TYPES OF SUPERPLASTIC MATERIALS: ALUMINIUM ALLOYS FOR 
SPF 


For superplastic behavior a material must be capable of being processed into a fine 
grain equiaxed structure which will remain stable at the forming temperature. It 
is important also that processing leads to a predominance of high angle boundaries 
(lattice misorientation > 15°), in order that grain boundary sliding and grain 
rotation, characteristic of superplasticity, can occur. There are two main types 
of SP alloys: microduplex and pseudo-single phase. The former materials are 
thermomechanically processed to give a fine grain /phase size and grain growth 
is limited by having a microstructure containing roughly equal proportions of 
two or more chemically and structurally different phases. Materials of commercial 
interest in this group include the a//TTi alloys, particularly Ti-6A1-4V, and to a lesser 
extent a/y stainless steels, while Zn-22A1 alloy finds a limited number of non-load 
bearing applications at ambient temperature. Eutectic alloys based on Al-33Cu, 
Al-5Ca-5Zn and Pb-Sn, have been processed to develop superplasticity, and along 
with Zn-22A1, are used as model systems to investigate fundamental aspects of 
superplastic flow. 

Pseudo-single phase alloys, which include the SP aluminum alloys of commer- 
cial interest, would normally contain < 10% by volume of second phase. They 
are processed to develop a distribution of fine precipitates (dispersoids) so that 
on recrystallization the alloy will have a fine grain size. This is due to the pinning 
effect of the dispersoids which will also inhibit grain growth during SPF. The con- 
ditions for the pinning of high angle grain boundaries by dispersoids (Zener pinning) 
[14] is given by: 


P S 


3 F v y 
2 r 


( 8 ) 


where P g is the restraining pressure of a group of particles of radius, r, and volume 
fraction, F v , and y is the grain boundary energy. For the boundary to move away 
from the particles, P g must be exceeded. The pinning effect of closely spaced, small 
particles, may also inhibit recrystallization and restrict subgrain growth. It has been 
proposed for a group of fine particles that Zener pinning will occur when F v /r > 2 
[15]. 

While numerous aluminum alloys have been shown to exhibit superplasticity, 
those of commercial interest are included in Table 1 with typical room temperature 
mechanical properties and include SUPRAL 100 (AA2004; unclad), SUPRAL 
150 (AA2004; clad), AA7475 and AA5083. The alloys can be subdivided into 2 
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groups: those which are recrystallized prior to SPF, and those which develop a super- 
plastic microstructure during the early stages of hot forming. The former group 
includes the 7000 series alloys, e.g. AA7475 and AA5083, while the latter includes 
AA2004. The Al-Li alloys, AA8090/AA2090, are also listed in Table 1 because 
of their interesting SP properties, even though they are currently not of great com- 
mercial interest as will be discussed below. These alloys can be processed by either 
route to develop superplasticity [16]. 

The SUPRAL alloys based on Al-Cu-Zr are unique in that they were designed 
so that they could be readily processed to develop superplastic microstructures, while 
having useful ambient temperature properties typical of existing medium strength 
alloys [17,18]. However, because of the resistance to the adoption of new alloys, 
attention was subsequently turned to existing qualified alloys which were capable 
of developing SP microstructures by thermomechanical processing, and hence to 
be shaped by SPF. These included 7000 and 5000 series alloys. 


4 PROCESSING OF ALLOYS FOR SPF 

The procedures used to develop superplastic microstructures in 7000 series alloys by 
static recrystallization, using AA7475 as an example, and in AA2004 by dynamic 
recrystallization, will be outlined. Consideration will also be given to the increasingly 
important AA5083 and also to Al-Li-based alloys. 


4.1 AA7475 (Al-Zn-Mg-Cu-Cr) 

Several variants of the processing route exist but they all involve the production of 
microstructures with mean grain sizes of 10-15 /rm, by rapid heating of heavily 
warm- or cold-worked material containing a bimodal distribution of precipitates. 
The most well documented of these is the “Rockwell” route shown schematically 
in Fig. 6 [5,19]. After initial processing, the material is solution treated at 480°C 
to dissolve all the precipitates except the Cr-rich dispersoids, which are typically 
0. 1-0.2 /im in diameter. The alloy is quenched to retain the solute in solution, 
and then held at 400°C for 8 h to produce an overaged distribution of large M-phase 
and T-phase precipitates. 

On heavy warm working (~80%) at ~200°C, these particles lead to intense 
localized deformation and lattice rotation which provide sites for discontinuous 
recrystallization (i.e. particle stimulated nucleation, PSN)[20]. Rapid heating to 
480°C results in a large number of recrystallization nuclei in the locally deformed 
regions adjacent to the coarse precipitates, and thus to the development of a small 
grain size. At this temperature the large precipitates dissolve, but the small Cr-rich 
precipitates inhibit grain growth following recrystallization and during subsequent 
SPF by exerting a drag effect on grain boundaries (Zener pinning). After processing 
the grains tend to have a “pancake” shape, i.e. the grain dimensions in the transverse 
and longitudinal directions are equal, but greater than for the short transverse grain 
direction [5]. However, the material would normally be capable of sustaining large 
tensile strains, e.g. 500-1000% elongation under optimum deformation conditions 
(515°C; 2 x 10' 4 sec _1 ). This processing route can be applied to 7000 series alloys 
produced by the ingot route or by powder metallurgy. 
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Figure 6 Schematic of processing route to develop fine grain sizes in AA7475. 


4.2 AA2004 (Al-Cu-Zr) 

The processing route for AA2004 (Al-6 Cu-0.4 Zr) has been described by Watts et al. 
[17,18], The alloy is rapidly solidified from a high superheat (~780°C) to avoid the 
formation of coarse primary ZrAl 3 precipitates and to retain the Zr in solid solution. 
Fine ZrAl 3 particles ( < 10 nm) are precipitated on aging at 360°C. They have a vol- 
ume fraction of ~ 0.003 and are homogeneously distributed. The alloy is solution 
treated at 500°C and hot rolled to break down the as-cast structure. The material 
is subsequently heavily warm /cold worked to ~80% reduction, when recovery 
and recrystallization are prevented by the pinning action of the ZrAl 3 . The alloy 
can be formed at 460° C at a strain rate of ~10 _3 sec _1 , and is capable of giving 
very substantial tensile strains to failure, ~ 1000%. To improve corrosion resistance 
the alloy may be roll-clad with pure aluminum. 

During forming, continuous dynamic recrystallization of the heavily dislocated 
alloy occurs and a fine grain SP microstructure evolves [(Fig. 7(a)]. The mechanism 
by which this occurs is uncertain, although it has been the subject of much inves- 
tigation and discussion [21]. One view is that it involves a progressive increase 
in grain boundary misorientation as a result of sub-grain boundary coalescence 
and the incorporation of dislocations into the evolving boundaries. An alternative 
proposal is that if the initial grain size is not too great and the amount of warm /cold 
work is large then the high angle boundaries may be sufficiently closely spaced for 
geometrical dynamic recrystallization (GDRX) to occur on subsequent hot (SP) for- 
ming [22,23]. 
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Figure 7 Fine grain SP microstructures developed in (a) AA2004 by dynamic 
recrystallization; 450°C, s= 1.39 (300%); and (b) AA5083 by static recrystallization; 520°C. 


A schematic of GDRX is seen in Fig. 8. During the initial stages of hot 
deformation, dynamic recovery results in the formation of sub-boundaries and 
the serration of the original grain boundaries. As the reduction in cross-section 
increases with further straining, the impingement of serrations gives rise to small 
equiaxed grains and hence, to favorable conditions for grain boundary sliding 
and grain rotation. 


4.3 AA5083 (Al-Mg-Mn) 

AA5083 is essentially a non-heat treatable alloy which contains 4-4.9 wt% Mg and 
0. 4-1.0 wt% Mn. A typical composition would be Al-4.7 Mg-0.8 Mn-0.1 Cr, with 
residual levels of Fe and Si. It is a relatively inexpensive alloy with medium strength, 
excellent cold forming, welding and spot welding behavior, and good corrosion 
resistance. The alloy can be processed to give a moderate degree of superplasticity. 
This attractive combination of characteristics has led to its increasing use for 
the SPF of a range of parts for non-structural applications which do not involve 
substantial forming strains. 



Figure 8 Schematic illustration of GDRX. 
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After casting and thermomechanically processing to sheet the alloy contains 
two types of particles: constitutive particles of size 1-5 m which typically contain 
Al, Mn, Fe and Si, and Al 6 Mn particles of size 0.2-0. 8 /im, with a mean size near 
the lower end of the range. Following heavy cold work (70-80% reduction), the 
larger particles act as nuclei for recrystallization, although at lower temperatures 
nucleation at shear bands has been reported, while the smaller Al 6 Mn precipitates 
pin grain boundaries and stabilize a small grain size [24]. The cold worked material 
statically recrystallizes very rapidly at temperatures of 350-570°C to give a grain 
size of 10-15 /im [Fig. 7(b)]. For SP deformation at 525°C at a strain rate of 
10” 4 sec” 1 , tensile elongations of about 600% may be obtained, while elongations 
of 300-350% are observed for grain sizes of about 10 fim, at the commercially more 
attractive forming rate of 10” 3 sec” 1 (when m — 0.5) [25]. 

AA5083 is now the dominant alloy used for the production of non-structural 
parts by SPF and, as a consequence, numerous attempts are being made to improve 
its SP formability. Matsuo [26] has shown for the basic 5083 alloy (coded 
ALNOVI-1) that reducing the levels of Fe and Si leads to a reduction in the number 
and size of constitutive particles at grain boundaries, and to lower levels of cavitation 
and higher tensile strains during SP deformation 

Matsuo also noted that AA5083 showed significant strain hardening during SP 
flow, which increased with increasing strain rate and reduced deformation 
temperature. These observations were not consistent with grain growth hardening, 
and were attributed to the simultaneous occurrence of slip and grain boundary 
sliding. While SP deformation is usually assumed to involve a unique mechanism 
consisting of accommodated grain boundary sliding, there is strong evidence for 
this material that strain is also accumulated by intragranular dislocation creep which 
occurs independently of grain boundary sliding [27]. The dislocation creep leads to 
significant grain elongation in the straining direction. 


4.4 AI-Li-based Alloys 

Although the history of Al-Li-based alloys goes back some 70 years, the sharp 
increase in fuel prices in the late 1970s led to a dramatic growth of interest in these 
materials for aerospace applications [16,28]. Most Li-bearing alloys were developed 
to substitute for established airframe alloys of the 2000 and 7000 series, with an 
expected reduction of density of about 10% and a stiffness increase of at least 
10% while matching the service properties of existing alloys (Table 1). Considerable 
efforts were devoted to the investigation of a wide range of alloy combinations 
by major aluminum companies, aerospace constructors, universities and research 
institutions. These materials were the exclusive subject of 6 major international con- 
ferences held between 1981 and 1991. 

It was shown that several alloys produced by ingot or powder routes could be 
processed to develop excellent SP formability and numerous studies were made 
of their potential for diffusion bonding. Fine grain microstructures were produced 
by processes which involved static recrystallization prior to SPF, or dynamic 
recrystallization in the early stages of deformation [16,28]. For AA8090 (Lital 
A) sheet material processed by the SUPRAL route, tensile elongations > 1000% 
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have been reported for temperatures of 520-530°C and a strain rate of ~5 x 
10~ 4 sec _1 . Optimization of the strain rate path can lead to further enhancement 
of SP strain to failure [29]. 

An interesting feature of alloys such as 8090 (and SUPRAL), when processed 
to develop fine grain microstructures by dynamic recrystallization, is that they show 
a high resistance to necking in the early stages of deformation before superplasticity 
has developed. Measurement of m, and the strain hardening exponent, N, has shown 
that while m is low initially, < 0.3, it rises with strain, and while N is high at the start 
it decreases [30] (Fig. 9). Thus the stability of the material is initially dependent on 
strain hardening for its necking resistance. A relationship appropriate to this 
behavior would be: 

a = k" s m e N (9) 

As the value of N falls, e^— >1 when a — ke m [Eq. (1)]. 

In 1982 Superform Aluminium exhibited a superplastically formed component 
in Lital A at the Farnborough International Air Show. By 1986 demonstrator parts 
made from AA8090, including parts produced by SPF, had been introduced into 
prototype models of military aircraft being test flown in the USA and Europe. 
In the late 1980s it was predicted by the Boeing Company that Al-Li based alloys 
would make up 7% and 10% of the structural weights of civil and military aircraft, 
respectively, by 1990, rising to 35% and 25%, respectively by 1995 [31]. 

Despite these optimistic forecasts, the development of Al-Li alloys had slowed 
dramatically by the early 1990s because of their slow take-up by the aerospace com- 
panies. The main reasons for this were the high costs of the alloys, and the high 
projected costs, combined with some concern about mechanical properties, with 
the result that these interesting materials at present find relatively few commercial 
applications. 
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5 CAVITATION AND FAILURE OF SUPERPLASTIC ALLOYS 

5.1 Failure of Superplastic Alloys 

When a superplastic material fails during tensile flow it is either the result of unstable 
plastic flow or a consequence of the growth and interlinkage of internally nucleated 
cavities. In the former process, inhomogeneities in the cross-sectional area of a test 
piece lead to a localized increase in strain rate and the difference in cross-sectional 
area increases at a rate which depends on the extent of work hardening and the 
value of m [32]. In SP materials, where true strain hardening is usually minimal (but 
not always), any neck which is present will always grow, although the rate of growth 
decreases with increasing m. Unstable plastic flow normally results in the material 
pulling down to a fine point at failure. 

On the other hand, when failure occurs as a result of the nucleation, growth, 
coalescence and transverse interlinkage, of internal cavities the fracture surface 
is much more abrupt. The value of m is important in determining the rate at which 
cavities grow and thus to some extent controls the strain to failure, which can 
be substantial, in systems which exhibit cavitation. Such systems include A1 alloys. 
In general, the higher the m value, the greater the elongation to failure, as seen 
in the well known Woodford plot, although the scatter shown by the data can 
be considerable (Fig. 10) [33], This is due to factors such as cavitation, and to 
microstructural evolution during SP flow causing significant changes to the m value. 
Even so, m is a first order effect. 

5.2 Cavitation 

Not all SP alloys pull to a fine point at failure. Two different modes of failure seen in 
tensile test pieces are shown in Fig. 11. Both specimens have the same strain at 
failure, but the flat fracture surface of the lower specimen, termed pseudo-brittle, 
arises from tearing of tiny ligaments between regions of internal cavitation. In 



Figure 10 Elongation to failure versus m for a range of alloys (after Woodford). 
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Figure 11 Shadowgraphs of fracture in two SP alloys at 900% elongation showing (a) 
unstable plastic flow in Ti-6A1-4V alloy; (b) pseudo-brittle fracture in AA2004. 


addition to its effect on fracture behavior, cavitation may also have an adverse effect 
on the mechanical properties of commercially formed parts. All A1 alloys are prone 
to cavitation during SP flow. It can be seen from Fig. 12 for AA2004 that the level 
of cavitation can be substantial, although the highest strain illustrated is well in 
excess of that used for SPF [34]. There is a substantial interest in cavitation and 
reviews of the subject have been given [35,36], Consideration will be given to some 
aspects of cavity nucleation, cavity growth and coalescence, during deformation 
and to procedures for controlling cavitation. 

5.2.1 Cavity Nucleation 

For most SP materials, it is widely accepted that strain is accumulated primarily by 
grain boundary sliding. However, the relative displacements of boundaries need 
to be accompanied by a redistribution of matter and this may be achieved by 
diffusion or dislocation processes. When the accommodation processes fail to meet 
the requirements imposed by the deformation rate, then the stress concentrations 
which develop at various grain boundary features are not relaxed sufficiently quickly 
and cavities may nucleate. 

Metallographic observations suggest that in A1 alloys cavities are most likely to 
develop at grain boundary particles [37]. Relationships have been developed for the 
critical strain below which cavity nucleation at a grain boundary particle is likely 
to be inhibited by diffusive stress relaxation. These predict that to minimize cavity 
nucleation both grain and particle sizes should be small, and that SPF should be 
carried out at as high a temperature (high diffusivity) or as slow a strain rate as 
possible, commensurate with microstuctural stability and sensible commercial prac- 
tice [38]. 

Factors which influence cavity nucleation include those which relate to 
microstructure such as grain size, the type, size, volume fraction, interfacial energy 
and distribution of second phase particles, and those associated with deformation 
conditions such as strain, strain rate, temperature and stress state. The role of grain 
size on cavity nucleation has been clearly demonstrated for A1 alloys [7]. The higher 
flow stress associated with the larger grain size reduces the critical size of a cavity 
which constitutes a nucleus, making nucleation easier. In addition to nucleation 
at grain boundary particles, the observation of intersecting rows of cavities in 7475 
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Figure 12 Effect of increasing SP strain on cavitation in AA2004, (a) 2.26 (860%); (b) 1.31 
(270%); (c) 0.69 (100%). (From Ref. 34.) 

A1 alloy deformed by biaxial bulging and in uniaxial tension have been attributed to 
cavity nucleation at intersecting surfaces of grain boundary sliding. However, it is 
not clear how general a phenomenon this might be in SP materials [39]. 

5.2.2 Growth of Cavities 

A cavity located at a grain boundary, whether nucleated or pre-existing, may grow 
during SP deformation by diffusion processes and/or plastic deformation of the 
surrounding matrix. Relationships have been developed which describe the change 
of cavity radius and the change of cavity volume with strain, for different growth 
mechanisms [35,36]. These relationships have been tested experimentally using 
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metallography and or precision density measurements and it has been shown that 
while diffusion may be important in the early stages of cavity growth, strain con- 
trolled growth is dominant for cavity radii above about 1 /(m. 

For strain control, the rate of cavity growth increases linearly with cavity size 
and is independent of strain rate within the SP regime [40]. This leads to the 
relationship: 

C v = C 0 exp(f/£) (10) 


where C v is the volume fraction of voids at strain e, and C D is a constant; >j is the 
cavity growth rate parameter and is given by the expression; 



m + 1 


sin/; [ 2 


2 — m 




( 11 ) 


and 



( 12 ) 


where K is a constant whose value depends on the deformation geometry and the 
extent of grain boundary sliding, P is the imposed pressure, a m the mean stress 
and ff e is equal to the uniaxial flow stress. Plasticity dominated growth is controlled 
by the mean stress whereas it is the principal stress which is important in diffusive 
growth. If 50% of SP strain is attributed to grain boundary sliding, then it can 
be shown that K= 1.5 and 2.25 for uniaxial and biaxial straining, respectively, 
and 2.7 for plane strain [7,41]. 

It can be seen from Eqs. (10-12), that the application of an imposed pressure 
will reduce rj, the cavity growth rate parameter, and hence the level of cavitation 
for a given strain. For the same strain, cavitation will be higher for biaxial and plane 
strain deformation than for uniaxial flow. This is an important prediction since most 
studies of cavitation are made for uniaxial deformation, whereas SPF processes will 
involve biaxial and plane strain stress states which will be more damaging in terms 
of cavitation than a uniaxial tensile stress. Figure 13 shows the effect of back press- 
ure on cavitation for AA7475 deformed in equi-biaxial tension to different strains 
[42], while Fig. 14 shows the beneficial effect of imposed pressure on the level of 
cavitation seen in the microstructure of AA2004 deformed to a strain of 1.7 (450%) 
[41]- 


5.2.3 Cavity Coalescence 

It has been noted that once plasticity controlled growth has become dominant, the 
predicted size to which cavities grow may be significantly less than is observed exper- 
imentally [43], These differences are attributed to cavity coalescence for which there 
is much metallographic evidence [Fig. 12(a) and (b)]. Large elongated cavities lying 
parallel to the rolling direction, which may be observed, are almost certainly the 
result of the coalescence of cavities nucleated on closely spaced inclusions. These 
cavities are likely to be particularly damaging in their effect on post-forming pro- 
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Figure 13 Effect of imposed pressure on cavitation in 7475 A1 alloy. Biaxial. 



Figure 14 Effect of imposed pressure on the level of cavitation seen in the microstructure of 
AA2004 deformed to a strain of 1.7 (450%), (a) 0.1 MPa; (b) 4.75 MPa. 
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perties. Some cavities which develop in A1 alloys may be associated with outgassing 
of hydrogen. This leads to fine localized porosity which provides pre-existing sites 
for cavity growth. 

5.2.4 Control of Cavitation 

To minimize cavitation in A1 alloys during SPF, the first requirement is to have a 
material with a stable fine uniform grain size comprised predominantly of high angle 
grain boundaries. Dispersoids should be small and uniformly dispersed. It is, 
therefore, essential that there is sound control of the processing required to produce 
the SP microstructure. An important requirement for cavitation is the presence 
of a local tensile stress. Under conditions of homogeneous compression cavitation 
is not observed and cavities which have been produced by SP tensile flow are 
removed by subsequent compressive flow. 

Cavitation can be controlled by various procedures including annealing and/or 
the application of hydrostatic pressure either prior to, during, or after SPF [44]. 
Annealing before deformation can lead to sintering of pre-existing cavities by 
vacancy diffusion, and if a hydrostatic pressure is also applied this will accelerate 
cavity closure. Annealing can also lead to hydrogen outgassing and can be particu- 
larly effective if carried out in a vacuum. However, consideration must be given 
to detrimental effects of grain growth and solute loss by volatilization. 

The most effective and practical way of controlling cavitation is to 
superimpose a hydrostatic pressure during SPF. Work carried out on A1 alloys 
deformed in uniaxial and balanced biaxial tension, and plane strain has shown that 
increasing imposed pressure: 

(i) decreases the rate at which the volume of cavities increases with increasing 
strain (Fig. 13), 

(ii) decreases the level of cavitation for a given strain (Fig. 13), 

(iii) displaces to a higher level the strain at which cavities are first detected, and 

(iv) increases to a limiting value the strain to failure (Fig. 13). 

Since cavity growth is plasticity dominated then it can be seen from Eqs. (11) 
and (12) that to prevent cavity growth during SPF it is necessary for the imposed 
pressure, P>Kcr e / 3 (or er m / er e < 0), i.e. P >0.5<r e for uniaxial deformation 
(although P >a e / 3 is also quoted in the literature), P >0.75<r e for equibiaxial 
straining and P > 0.9cr e for plane strain deformation. These predictions are broadly 
in accord with observation. It can be seen from Eq. (12) that the ratio P/o e is import- 
ant in determining the level of cavitation. In commercial forming, it is unlikely that P 
would exceed ~4 MPa (600 psi) for technical reasons, so that the value of cr e 
(dependent on grain size and strain rate for a given SPF temperature) should 
not be too high if cavitation is to be prevented. However, even if the criterion P 
> KJ3 is not met, any level of imposed pressure is likely to be beneficial in its 
effect on cavitation, as is seen in Fig. 13. 

Other methods which have been proposed include annealing after SPF. This 
can be effective in removing small cavities, but the larger cavities which have 
the most deleterious effect on properties are little effected. Post-forming HIPping 
also has the potential to remove cavities but is likely to be limited in application 
because of cost and its restriction on component size. It has also been noted for 
an A1 alloy that some cavities may reappear on subsequent heat treatment, probably 
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due to the presence of hydrogen. Conrad and co-workers have reported that the 
application of an external electric field during SPF reduced the level of cavitation 
for 7475 alloy, and so improved its post-forming properties [45]. 


6 SUPERPLASTIC FORMING OF AL ALLOY SHEET MATERIALS 

6.1 Bulge Forming of a Dome 

Prior to discussion of various forming procedures, important features of SP sheet 
forming can be illustrated by considering the bulge forming of a dome, a procedure 
which is frequently involved in the early stages of commercial SPF. To form the 
sheet, the periphery of a heated blank is rigidly clamped to provide a gas tight seal. 
On application of gas pressure to cause the material to stretch into the die cavity, 
the constraint provided by the clamped edge results in a stress system which varies 
across the sheet. For a circular blank, plane strain conditions exist in regions adjac- 
ent to the clamped edge while an equibiaxial strain state occurs at the pole. The 
differential stress system leads to thickness strains across the sheet with maximum 
thinning occurring at the pole. Although a thickness variation would occur if m—l, 
1, the differential thinning is smallest for alloys possessing the highest m value, 
and increases with increasing dome height. Predictions of thickness variation in 
a free blown hemisphere for a range of m values, taken from the early work of 
Cornfield and Johnson [46], are shown in Fig. 15. 

6.2 Simple Female Forming 

This simple forming procedure involves the use of gas pressure to blow a sheet which 
is rigidly clamped around its periphery into a female die, as illustrated in Fig. 16(a). 
During forming both the sheet and the die are maintained at the optimum forming 
temperature and the rate of application of pressure is such that the strain rates 
induced in the sheet are maintained in the SP range. The first stage of the process 
involves free stretch forming, leading to thickness variations as described above. 
Once the pole of the bulged sheet contacts the die surface it is locked against 



Figure 15 Predicted variation in thickness in a free blown hemisphere for different m 
values. (From Ref. 46.) 
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Figure 16 Illustration of (a) simple female forming; (b) drape forming. (From Ref. 47.) 


the tool by friction and forming pressure, and this inhibits further thinning in this 
region. Continuing deformation leads to progressively more of the unsupported 
regions making contact with the die. Since the corners of the die are the last to fill, 
the greatest strain occurs in these regions as seen in Fig. 16(a). 

Simple female forming is preferred when the height to diameter ratio is low and 
the corner radii are large, and when the m values are towards the lower end of the 
useful range. In this way, wide variations in material thickness can be avoided. Stiff- 
ening features such as deep pockets or grooves can also be incorporated into the 
design of the part. 

6.3 Drape Forming 

This process consists of bulge forming a sheet into a female die in which one or more 
male tools are located [Fig. 16(b)] [47] When gas pressure is applied, the polar region 
of the bulging sheet will make early contact with the male tool. Continued appli- 
cation of pressure will drape the sheet over the male tool as it bulges into the female 
annular regions. The process can yield a more uniform material thickness particu- 
larly if the height of the annular space is small with respect to the dimensions of 
the blank. 

The choice of either female forming or drape forming could be influenced by 
whether the internal or external dimensions of the part were the most critical. 
As seen in Fig. 16, if the outside shape is specified as the critical dimension, then 
female forming will be used. When the inside shape is critical, then drape forming 
will be used. If a number of male tools are placed within the female forming tool 
several similar parts, or different parts of a given component, can be produced 
at the same time. 

6.4 Back-Pressure Forming 

Aluminum alloys are susceptible to cavitation during SPF and in high strength alloys 
such as AA7475 for important structural components it is essential that the number. 
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size and/or volume fraction, of cavities be held below critical levels to avoid degra- 
dation of service properties. Fortunately, cavitation can be controlled by the appli- 
cation of back pressure during forming, as was discussed previously. In 
back-pressure forming both sides of the sheet are pressurized, as shown schema- 
tically in Fig. 17. This produces a hydrostatic pressure capable of suppressing 
cavitation. Gas control creates a positive pressure differential enabling forming 
to be carried out. Back pressure can be applied to both female and drape forming 
to keep cavitation to a minimal level. 

The total die separating force in back pressure forming can be quite consid- 
erable. For example, if 1 MPa (~ 1 44 psi) is required to form 7475 sheet at 2xl0” 4 
sec” 1 and 515°C, into a part with sharp final detail, then back pressure of 4MPa 
might be needed to suppress cavitation. If the projected size of the die is 1 m x 
1 m then it can be readily calculated that the clamping force must be 7.8 GPa 
(560 tons US). The capacity of the press must be sufficient to contain this separating 
force and provide sealing round the periphery of the die. 


6.5 Male Forming (Bubble Forming) 

This involves the combined use of gas pressure and tool movement to enable deeper 
parts of more uniform thickness to be made. Male forming is carried out on presses 
designed by the Superform companies and the stages in the process are illustrated 
in Fig. 18 [1]. Male forming is applied mainly to 2004 and 5083 alloys and is a com- 
monly used forming technique. 

In the technique illustrated, the sheet to be formed is first blown into a bubble 
away from the sheet. The tool is then moved into the bubble and the pressure is 
reversed forcing the bubble to collapse onto the plug. A combination of friction 
and forming pressure lock the sheet in contact with the tool and effectively prevent 
any further deformation. As the tool continues to move, deformation switches 



Figure 17 Illustration of back-pressure forming during SPF. (From Ref. 47.) 
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Figure 18 Male forming (schematic). (From Ref. 1.) 


to the relatively underformed material adjacent to the flange (Fig. 18). Parts with a 
depth to width ratio of 0.7 or more, with a relatively uniform wall thickness, 
can be formed in this way. 

Other forming procedures which can be carried out include reverse billowing, 
in which a sheet is bulged away from a female die to a predetermined height, 
and the pressure is reversed to blow the sheet into the die to produce the required 
shape. This procedure increases the thickness at the corners at the expense of greater 
thinning at the pole (base). Barnes [48] has pointed out that, if the various forming 
procedures outlined are available, the choice of which forming method to use to 
produce a component for a specific application is a complex one. 

6.6 Diaphragm Forming 

Diaphragm or membrane forming uses a rigidly clamped sheet of SP alloy to deform 
an unclamped smaller sheet into a die (Fig. 19) [47]. The SP diaphragm deforms by 
stretching, while the smaller sheet is free to slide down the die and is drawn into 
shape by the membrane until it conforms exactly with the die. The drawing action 




Figure 19 Schematic of diaphragm forming. (From Ref. 47.) 
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in the part being shaped causes much less thinning than would occur by SP 
stretching. The process can shape non-SP alloys having limited room temperature 
formability, provided the material has adequate ductility at the forming 
temperature. Superplastic alloys can be also be shaped in this way when limited 
thickness variations are required. 

The membrane must be SP at the forming temperature and should have a low 
flow stress so that it carries the sheet being formed into all of the die corners. It 
should have low initial cost and should have adequate stretchability over a wide 
range of strain rates. Providing the membrane does not burst there is no need to 
use low forming rates. The strain in the formed part is low, 0. 1-0.2. In addition 
to the benefits associated with low thinning, diaphragm forming avoids the expense 
of using back pressure to prevent cavitation associated with SPF. Properties of 7000 
alloys which have been membrane formed have been shown to be comparable with 
those produced by SPF using back pressure [49]. 

6.7 Forming Equipment 

The two main types of sheet forming equipment include the presses developed by 
Superform, which are currently used to form alloys 5083 and 2004, and the platen 
type presses used in the SPF of 7475 and 8090, which would include back pressure 
facilities. The generalized configuration of a Superform pressure chamber set up 
for male forming is seen in Fig. 20 and this would be located in a hydraulic press 
framework [1]. The configuration could be changed so that simple female forming 
or drape forming could be carried out. Important characteristics of the equipment 
include: the ability to control pressure either side of the sheet, controlled tool 



Figure 20 Configuration of a Superform pressure chamber set up for male forming. (From 
Ref. 1.) 
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movement, accommodation of blanks of different sizes, ability to sense bubble 
height, heating elements within the chambers, pressure chambers that can be moved 
rapidly with respect to each other by the hydraulic system which also provides the 
clamping force. 

For female and drape forming, particularly of 7475 with back pressure, and 
diaphragm forming, the tooling package is located between the platens of a hydraulic 
press (or a mechanical clamping system) (Fig. 21). As above, the main function of the 
press is to keep the dies closed during forming by applying a clamping pressure, 
although the hydraulic system can also perform other functions. Hydraulic presses 
can be rapidly loaded and unloaded, but they represent a significant capital 
investment. The main features of a 4-column hydraulic press are seen in Fig. 22, 
while both the design and manufacture of presses for SPF have been described 
by Whittingham [50]. 

Heating of the tools can be achieved by conduction from heated platens, which 
may be metal or ceramic, or by the use of cartridge resistance heaters inserted into 
holes drilled in the tooling chamber. Care is taken to minimize thermal gradients 
during SPF as these can lead to excessive thinning or failure. A microprocessor con- 
trols all functions of the press including platen and tool temperatures, press 
movements, gas management systems and control of the forming pressure-time 
cycle. 

For either type of press, machined A1 alloy tools can be used for the forming of 
low strength alloys, whereas ferrous alloy tools, machined or cast, perform well with 
higher strength alloys. Forming gases can be air, nitrogen or argon. The choice is 
product dependent, with air being cheapest but most reactive, while argon would 
be preferred but has cost and safety implications. The tool/blank face is lubricated 
with graphite or boron nitride. Graphite is easiest to use and least expensive but 
can cause post-forming surface corrosion problems if not completely removed. 
Boron nitride is non-reactive, expensive, and must be carefully applied and moni- 
tored in order to avoid build up on the tool. The method of trimming of parts formed 



Figure 21 SPF Tooling package for SPF. (From Ref. 47.) 
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Figure 22 Main features of a 4-column hydraulic press. (From Ref. 50.) 

by SPF depends on quantity and the quality requirement. For smaller quantities 
items may be hand trimmed, whereas larger numbers may be mechanically, laser 
or water jet, cut by numerically controlled machines. 

6.8 Simulation and Control of SPF 

SP sheet forming processes have usually been designed on a trial and error basis 
coupled with considerable experience and some simple calculations. However, if 
maximum benefit is to be gained from SPF then some form of numerical simulation 
of the process is desirable. A number of numerical analyses have been developed 
but the finite element (FE) method has emerged as the most potent technique 
for SPF. 

Wood and Bonet [51] have reviewed the numerical analysis of SPF. It was 
pointed out that non-FE analyses are usually confined to two special cases involving 
bulge-forming of a circular sheet and plane strain forming of long rectangular box 
sections. In the majority of cases the simple constitutive equation: a — ke' n is used. 
These techniques are valuable as they enable insight to be gained into SPF processes 
as a result of changing process parameters. They are computationally inexpensive 
and in many cases are entirely appropriate for practical purposes. 


Marcel Dekker, Inc. 
270 Madison Avenue, New York, New York 10016 


Copyright © Marcel Dekker, Inc. All rights reserved. 



1134 


Ridley 


The use of FE analysis to simulate SPF is a relatively complex topic and 
will only be considered in outline. However, to be successful FE analysis requires 
an accurate constitutive equation. Kannan et al. [52] in their investigation of 
SP ductility in an Al-Mg-Mn alloy used a constitutive equation based on the 
relationship proposed by Ashby and Verrall [53], which includes a transition from 
SP flow to power law creep, as well as a threshold stress. The form of the equation 
is: 


8 = 


( K u (o- - <7 0 )exp(-Q s /RT) 
V dP 


+ K n i a"' (exp - Q C /RT) 


(13) 


The first part of this expression is essentially identical to Eq. (4) and procedures for 
determining a 0 , m (=1 In), Q s and p, have been outlined; Q s and Q c are the activation 
energies for SP flow and creep, respectively; «' is the stress exponent for creep, and 
Ku and ATm are constants. By a combination of constant strain rate tensile tests, 
as described previously, and least squares fitting the constitutive model parameters 
for Eq. (13) can be determined. 

It is well established that microstructural evolution occurs during SPF and the 
value of d in Eq. (13) will change. This affects only the first term and not the creep 
term. By incorporating microstructural evolution, the material flow properties 
should be more representative of local mechanical conditions, and provide for 
the variation of strain, strain rate and microstructure, throughout the material which 
can effect strain localization. The grain size, d, at any strain, (or time for constant e) 
is given by: 


d — do + 


d dt 


where 




D 

qd‘i ~ 1 


+ Xe 


(14) 


(15) 


The first term in Eq. (15) represents static grain growth rate and the second 
represents the rate of dynamic enhanced grain growth. These are considered to 
be separate mechanisms. D , q and X are empirical constants that can be determined 
by least squares fit of experimental data, and d is the overall rate of grain growth. 
Equation (14) can be incorporated into Eq. (13) to give a relationship which accounts 
for the grain growth processes. 

Once the constitutive equations have been established they can be introduced 
into a FE simulation package that essentially solves the quasi-static equilibrium 
equations in order to determine, as forming progresses, the variation of the shape 
of the part with time, the stress and the strain rate, and the evolution of grain size. 
The FE simulation can also predict the final thickness distribution in the formed 
part and the pressure-time forming cycle. It is also possible to introduce into the 
FE simulation, factors such as friction and cavitation which can affect the thickness 
distribution. The advantage of FE simulation is that it can enable many numerical 
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“experiments” to be carried out before a real production run. For complex com- 
ponents involving chemi-etched blanks that need to form into specific locations, 
the simulations can substantially reduce the cost of trial runs. 


7 SOME APPLICATIONS OF PARTS/COMPONENTS PRODUCED BY SPF 

The present section will deal with products produced by the SPF of sheet material 
although there is some interest in the SP bulk forging of A1 alloys and composites. 
Much of the success of the SPF of A1 alloy sheet is the result of the pioneering 
and innovative work undertaken by Superform Aluminium, which started pro- 
duction in Worcester, UK, in 1974, and Superform USA opened later at Riverside, 
California. The Superform plants produce many thousands of parts per annum from 
the A1 alloys 5083, 2004, 7475 and 8090, with other alloys being shaped by 
diaphragm forming [48], The bulk of manufacture is from AA5083 and AA2004, 
with most parts being produced from the former material. 

Many aerospace companies in the USA, Europe, Russia and China, have dedi- 
cated forming equipment, particularly for the production of parts in AA7475 (and 
Ti-6A1-4V alloy), while various subcontractors also have SPF manufacturing 
facilities. Aluminum alloy components produced by SPF are found in civil and mili- 
tary aircraft, helicopters, unmanned reconnaissance vehicles, air weaponry and 
space craft. The SP alloys 7475, 8090, 2004 clad and unclad, and 5083 are used 
to produce a wide range of parts, while the non-SP alloys 2014 and 2024 
(Al-Cu-Mg-Si-Mn) and 6061 (Al-Mg-Si), find applications after diaphragm forming. 
AA 5083 can be used as a diaphragm because of its relatively low cost. All parts are 
subjected to heat treatment where appropriate. 

On military aircraft parts range from leading edge components capable of 
withstanding bird strikes, access and inspection doors, and fairings (aerodynamic 
covers). For primary structures, AA7475 is used to produce two basic con- 
figurations. One is a waffle pan type structure where a built-up framework of 
extrusions and/or beams is replaced by a single piece superplastically formed pan. 
The pan is joined to an outer skin but the costly riveting involved in assembling 
the pan frame is eliminated. The pan would be produced by drape forming using 
back pressure. The second type of structure is the sine wave beam or spar (Fig. 23). 
This type of channel is used to construct a frame of high torsional rigidity and 
replaces built-up channels. 

Applications of the waffle pan structure are found in many military aircraft and 
include the avionics and gun doors on the British Aerospace Hawk (Fig. 24) and the 
engine bay doors on the Typhoon (Eurofighter 2000). In the latter aircraft, sine wave 
spars of lengths up to 1.5 m are used in the construction of the tail fin. Chemical 
milling of formed parts is frequently used to reduce weight. In civil aircraft, the 
Lear Jet baggage bay door is a waffle pan structure produced in 7475 and the outer 
skin is joined to this by adhesive bonding. Other parts produced by SPF which find 
applications on civil and/or military aircraft include avionics enclosures, access door 
frames, air intake skins, ejector seat panels, engine cowling and engine cowling 
stiffeners, window surrounds, hydraulic and mechanical equipment housings, wing 
and tail leading edge panels. Interior parts include ceiling lighting panels, cabin 
surfaces, floor panels and door frames. 
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Figure 23 Illustration of sine wave spar. (From Ref. 47.) 



Figure 24 Access door components for British Aerospace Hawk aircraft; 7475. Courtesy of 
Superform Aluminium. 


The rail market is important, particularly in Europe, where large numbers of 
parts produced from SP 5083 find external and internal applications on commuter 
trains. The interior fittings often replace plastics so reducing fire hazards. Examples 
of external parts include end panels fitted to more than 700 Underground trains 
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(Fig. 25), roof canopies and double curvature transition panels, while internal fittings 
include window surrounds, door pillar panels, and ventilation, roof and door panels. 
More than 2500 seats comprising one piece seat shells produced by SPF and covered 
with fire resistant fabrics have been fitted to the Fleathrow Express to Central 
London, one piece pillars (2m x 0.25m) and window surrounds (1.6m x 1.3m) 
are used on the Stockholm Metro, and equipment covers on the Bern Tram 
(Switzerland). 

Architecture and building is a market which uses mainly 5083 and where prod- 
ucts are used for external and internal cladding. The most frequent use is on external 
cladding systems where ribbed panels can enhance both the aesthetic and structural 
performance, and also be designed to function as a rain screen. Examples of clad 
buildings include the Financial Times print works in London, Gatwick Airport 
N. Terminal, and the roof of the Charlety Stadium, Paris, which makes use of around 
4000 SP panels in 14 different sizes. Panels can be coated /colored using 
polymer-based paints. SPF components have been used successfully in applications 
such as ceiling panels, e.g. 2000 sq. m in the British Library, London, logo panels, 
display and shelving systems, and complex column cladding. Figure 26 shows 
applications of decorative and double curvature panels. 

Numerous parts are formed from SP 5083 for specialist and prototype 
automobiles. These include the entire bodies of the Roadster and Esperante 
models produced for the American sports car maker Panoz. The UK sports car 
manufacturer Morgan has the wings on all of its models produced by SPF, and 
has replaced a 3-piece steel fabrication with a single component formed from a 
3.2 m x 1.5 m 5083 sheet (Fig. 27). Other components are the rear valance for 
the Aston Martin Vantage, and the radiator grill and the boot finisher for the Bentley 
Arnage. There is interest in the mass production automobile industries in SPF as a 
production tool and if this is maintained it could have an enormous impact on 
the field. 



Figure 25 End panels for London Underground trains; 5083. Courtesy of Superform 
Aluminium. 
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Figure 26 (a) Decorative panel, Grady Hospital, Atlanta, USA; double curvature panels, 

Dorset House, Hong Kong (b) and Victoria Station Shopping Mall, London (c). Courtesy 
of Superform Aluminium. 

Other parts produced by SPF are used in medical diagnostic and test equipment 
and range from large diameter end plates for body scanners, to covers and finishing 
items with an aesthetic bias, and in communications include radar and satellite 
receiver dishes up to 2 m diameter. Deep formed parts are produced from 2004, 
and others with a lower forming strain from 5083. Figure 28(a) shows a defence 
computer housing produced from 2004 and 5083, and Fig. 28(b) a 2.6m (8 ft 6 in.) 
dingy formed from a single sheet of 5083. 


8. POST-SPF MECHANICAL PROPERTIES 

SPF of A1 alloys leads to two effects which can degrade mechanical properties. 
Firstly, and potentially the most serious, is that all A1 alloys undergo cavitation 
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Figure 27 Morgan sports car with wings produced by SPF; 5083. Courtesy of Superform 
Aluminium. 


during SP flow, and secondly, a combination of elevated temperature and SP strain 
can lead to an increase in grain size. This section will examine the effect of SPF, 
particularly strain and post-forming heat treatment, on tensile, fatigue, fatigue crack 
growth and corrosion data, where available, for 7475, 2004 and 5083 alloys, while 
noting that for some applications data on a wider range of properties may be 
required. A considerable amount of post-SPF property data was generated for Al-Li 
alloys during their development era. The subject has been reviewed by Partridge et al. 
and includes data on 8090 [54]. 

Aluminum alloy 7475 sheet is used for the manufacture of primary structures 
for aerospace applications and it is essential to prevent cavitation, or to hold it 
at a low level, so as to avoid property degradation. This is achieved both by back 
pressure forming and not exceeding an equivalent SP elongation of 150%. The 
optimum forming rate for 7475 is low, ~2 x 10~ 4 sec~\ and, as a consequence, 
forming times can be up to 2h. To prevent cavitation during forming the 
condition P>Ko e / 3 [Eq. (11)] must be fulfilled, where a e is dependent on strain 
rate and grain size. Static and strain enhanced grain growth will cause an increase 
in ff e because of the low forming rate, so it is important that an increase in back 
pressure, or an decrease in strain rate within the optimum strain rate range, 
compensates for this. 

A detailed study has been made of post-SPF material properties for back 
pressure formed material [55]. Data shown in Fig. 29(a) is for room temperature 
tensile properties of 7475-T6 for test pieces lying parallel and transverse to the sheet 
rolling direction. It can be seen that neither YS nor UTS are affected by equivalent 
SP elongations up to 1 50%, although elongation shows a drop beyond 100%. Fatigue 
behavior shown in Fig. 29(b) for two orientations lies within the cross-hatched band 
obtained for the non-SP formed parent sheet. For fatigue crack growth rate in air, no 
measurable effect was reported for equivalent SP elongations up to 150%. Resistance 
to stress corrosion cracking and exfoliation corrosion showed no deleterious effect of 
SP strain. However, the T76 temper provides for improved exfoliation and corrosion 
resistance over the T6 temper, although with some decrease in strength. Overall, it is 
seen that provided cavitation can be minimized then post-SPF properties should be 
similar to those for the parent metal sheet. 
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Figure 28 (a) Defense computer housing; 5083 and 2004; (b) sailing dingy; 5083. Courtesy 

of Superform Aluminium. 
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Figure 29 Post-SPF properties of AA7475 at room temperature. Back pressure formed. 
T6 condition, (a) tensile properties; (b) fatigue strength. (From Ref. 55.) 

AA2004 is available in the form of sheet of thickness ranging from 1 mm to 
6 mm, and is supplied in the unclad condition (SUPRAL 100), or is roll clad with 
a layer of commercially pure aluminum (SUPRAL 150) for use in aggressive 
environments. Clad alloys are weaker than unclad material because of the pure 
A1 layer, and show enhanced levels of cavitation. The alloy is highly superplastic 
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Figure 30 Post-SPF properties of unclad AA2004 at room temperature. Tensile properties 
(a) as-formed; (b) T6 condition. 

but forming strains are generally limited to an equivalent SP elongation of ~250%. 
It is not usually back pressure formed as it is not used for primary structures. 
However, the flow stress of the alloy is relatively high, ~ 10 MPa at 460°C, at normal 
forming rates, ~ 10 -3 sec -1 , so this would require a high back pressure to eliminate 
cavitation. Both the unclad and clad materials may be used in the as-formed or fully 
heat-treated condition T6 condition. 

Shakesheff [56] has examined the effect of SPF on tensile properties, fatigue, 
and fatigue crack growth rates, of formed and fully heat treated 2004 alloys for 
equivalent strains up to 200%, and has related this data to the cavitation behavior 
of the materials. Further post-SPF mechanical property data is found on materials 
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Figure 30 Post-SPF properties of unclad AA2004 at room temperature. Fatigue strength 
(c) as-formed; (d) T6 condition. 


data sheets produced by Superform Aluminium. The room temperature tensile and 
fatigue properties for unclad material in the as-formed and fully heat treated T6 
conditions are shown in Fig. 30. At low equivalent SP elongations ( ~ 100%), the 
ductilities of the unclad (0.7vol% cavities) and the clad (1.5% cavities) are similar 
but the PS and UTS are both ~ 30-40 MPa lower for the clad alloy. A reduction 
in strength and ductility is observed with increasing SP strain up to 200% and, hence, 
increasing cavitation, with the effect being greater for the clad alloy (5/6vol% 
cavities) than the unclad (~3vol% cavities). 

The fatigue performance of unclad and clad alloys is little affected by SP strain 
provided the material is fully heat treated after forming [Fig. 30(d)]. However, 
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fatigue crack growth rates are adversely affected by both strain and heat treatment. 
This is attributed to the influence of cavitation and to the increased strength from 
heat treatment which reduces fracture toughness. The corrosion resistance of unclad 
2004 is similar to that of other copper containing aluminum alloys such as 2014 and 
2024. Clad 2004 is designed to give good corrosion resistance. Environmental 
exposure tests at industrial and marine sites have shown that the material has a 
corrosion resistance equal to that of 99.8% pure A1 sheet. In salt spray tests and 
acetic acid + salt spray tests clad 2004 performs as well as 99.8% pure aluminum. 

AA5083 is available in the form of sheet of thickness ranging from 0.5 mm to 
6 mm and is formed at ~ 500°C. The forming strain is limited to about 100% equiv- 
alent SP elongation because the material does not have large reserves of 
superplasticity. However, the post-SPF properties shown in Fig. 31 cover a wider 
range of forming strains [26,57]. For normal forming strains, the loss in strength 
and tensile ductility is relatively small although as the SP strain increases towards 
200% elongation it can be seen that falls in these properties become quite significant 
[Fig. 31(a)]. The alloy does not show appreciable cavitation at small strains. 

The fatigue strength of post-formed sheet is reduced but the fall is not cata- 
strophic for an equivalent SP elongation of 100% [Fig. 31(b)]. The alloy is particu- 
larly resistant to corrosion in sea water and tests have shown that weight losses 
after 4000 h of salt spray exposure (3.5% Nad) for parts formed by SPF are similar 
to those for non-formed sheet. 


9 DIFFUSION BONDING OF SUPERPLASTIC ALLOYS 
9.1 Introduction 

Diffusion bonding (DB) is a joining process which involves minimal macroscopic 
distortion of the parts being bonded. Joining may occur entirely within the solid 
state or may involve isothermal melting and re-solidification of a thin interfacial 
region of transient liquid phase [58]. The applied pressures tend to be relatively 
low so as to avoid macroscopic flow. To ensure reasonably short process times, 
bonding takes place at high homologous temperatures which usually correspond 
with those for optimum SP flow. It is important that grain growth is minimized 
during bonding so that the potential for subsequent SPF is not lost. 

In solid state diffusion bonding two suitably prepared surfaces are brought into 
intimate contact at an appropriate temperature. Since the surfaces are not atomically 
flat there will be a finite number of contacting asperities which will undergo instan- 
taneous plastic collapse on the application of pressure to give a planar array of 
interfacial voids. Diffusion and creep processes transport atoms to the void surfaces 
from adjacent areas so reducing the volume of interfacial voids until, with time, they 
are completely removed, and an atom to atom bond is formed across the original 
interface. In the absence of local melting, the microstructure of the bond is identical 
to that of regions remote from the bond and, as a consequence, has parent metal 
properties. 

There have been several attempts, of varying refinement, to predict the time 
required to obtain 100% contact between surfaces of measured roughness, including 
models which assume DB to be analogous to pressure sintering [59]. The actual bond 
is assumed to form instantaneously on contact. Several models assume that bonding 
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Figure 31 Post-SPF properties of AA5083 at room temperature, (a) tensile properties; and 
(b) fatigue strength. (From Refs. 26 and 57.) 


occurs under plane strain conditions, although there is current interest in isostatic 
bonding. While the same physical processes will be involved in both cases, it has 
been predicted that the kinetics of the processes will differ such that the rate of void 
closure during isostatic bonding will be 2-3 times faster than for plane strain bonding 
[60], 
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9.2 DB/SPF Technology 

In the context of superplasticity, DB can be used for the selective bonding of sheet 
materials into sandwich-like constructions. These can then be expanded by gas press- 
ure to form cellular structures. The shape of a cellular structure depends on the 
number of sheets which make up the initial sandwich and the pattern of the bonded 
and non-bonded areas. These cellular structures have low overall densities and, 
if formed from high strength alloys, have extremely high torsional rigidity and high 
strength-to weight ratios. 

DB/SPF technology is readily applicable to titanium alloys, e.g. Ti-6A1-4V, 
since the Ti lattice is capable of taking into solution the surface oxide and other 
contaminants which would normally prevent the formation of a metal-metal bond. 
It has been used for a number of years to manufacture a range of complex 
components, particularly for aerospace applications, and more recently for the con- 
struction of large heat exchangers. Figure 32 shows a 4-sheet cellular structure which 
has been produced by DB/SPF of Ti-Al-4V. There is considerable interest in 
extending the technology to other SP materials, particularly aluminum alloys. 

However, A1 alloys are difficult to bond because of their stable and tenacious 
surface oxide films which both inhibit the formation of a metal to metal contact 
and interfacial diffusion. Oxide films inevitably form on the surface of A1 alloys 
when they are exposed to the atmosphere. The films are mainly composed of A1 2 0 3 , 
which with a melting point of >2000°C, neither passes into solid solution, 
decomposes, nor evaporates at bonding temperatures. To achieve a sound DB joint 
it is necessary to remove the oxide films at least partially, or to disrupt their con- 
tinuity. The DB of A1 alloys has been extensively investigated. 

Procedures used to produce diffusion bonds in SP aluminum alloys have been 
outlined by Partridge [58] and Huang et al. [61]. Methods have included solid state 
bonding of uncoated surfaces using static compression or gas pressure; the use 
of a range of interlayers; the deposition of protective coatings on, or implantation 
in, sputter cleaned surfaces; the application of an organic solution to give a protec- 
tive layer on an oxide-free surface obtained by mechanical cleaning, or roll cladding 
of transient liquid layers to the surfaces to be bonded. All of these procedures have 
been shown to be capable of developing high quality bonds on a laboratory scale, 
although in a number of cases a variability in bond strength was noted. However, 
several of the procedures outlined would be difficult to scale up to produce 
demonstrator or production parts 



Figure 32 A 4 -sheet cellular structure produced by DB/SPF of Ti-6A1-4V. 
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9.3 Testing of Diffusion Bonds 

The quality of a diffusion bond can only be reliably assessed by comparing its mech- 
anical properties /fracture characteristics with that of the parent metal subjected to 
the same heat treatment. Direct observation of the bond region using optical 
metallography and SEM is a useful procedure for identifying incomplete bonds, 
defects in the bond line and the extent of migration of grain boundaries across 
the original interface. Non-destructive evaluation using ultrasonics is useful for 
the detection of large disbonds. However, this procedure would not be able to resolve 
bond line microvoids ( < 5 am) since the wavelength used ( ~ 200 /an) is much greater 
than the defect size, and in thin sheets the transit times are very short. 

For bonds produced in thick sections conventional tensile, rotating bend 
fatigue and impact test pieces can be readily produced and tested. In practice, parent 
metal tensile strengths are often achieved with more than 85% interfacial contact, 
while parent metal fatigue endurance normally requires a complete absence of 
interfacial voids. The most discriminating measure of bond quality is obtained 
by impact testing, when poor bonds which show complete interfacial contact 
may exhibit low impact strengths (58). Impact testing is not widely applicable 
because the majority of bonds are formed between sheet materials. In such cases, 
the room temperature fracture strength of the bond is measured using a constrained 
lap shear test. 

In addition to good room temperature strength, it is particularly important 
that the bond should be capable of resisting peel during SPF after DB. For a 2-sheet 
structure it would be possible to constrain the bond during SPF by appropriate tool 
design. However, for producing 3-sheet structures, or a 4-sheet structure of the type 
illustrated in Fig. 32, the hot peel strength becomes critical, and the bond region 
must be able to withstand the pressures encountered during SPF. This is dependent 
on sheet thickness and SP flow stress. It is important to develop a high hot peel 
strength during bonding but at the same time taking care not to increase the grain 
size and hence the flow stress of the SP alloy. 


9.4 Selected Bonding Procedures 

Two examples of industrially-based projects illustrate the position with regard to 
DB/SPF of aluminum alloys. Firstly, one of the most successful attempts to produce 
high strength joints in AA7475 sheet is seen in the work of Kennedy [62]. Bonding 
was carried out at the SPF temperature of 516°C, without the use of interlayers. 
The material was prepared for bonding by a proprietary technique and bonding 
was carried out using a relatively low pressure of argon [Fig. 33(a)]. The 
microstructure of a bond region is seen in Fig. 33(b) and, although there has been 
some boundary migration across the original interface, the bond line is clearly visible 
in places and is probably outlined by small amounts of the original surface oxide. 
Both tensile shear strength and peel strength at room temperature, and cyclic shear 
behavior of bonds given a T6 heat treatment were similar to those of the AA7475 
base material (Fig. 34). It was also demonstrated that DB and SPF could be used 
to produce a two-sheet stiffened compression panel which exhibited superior buck- 
ling resistance compared with riveted built-up panels, although the bond was con- 
strained during forming. 
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Figure 33 AA7475. (a) Effect of pressure and time on bond shear strength 

( 144 psi = 1 MPa); (b) microstructure of bond interface, T6 condition. (From Ref. 62.) 


Bonding of AA8090 has been carried out using a transient liquid phase based 
on the invariant reaction [63]: 

A1 + CuA 1 2 + Si -> Liquid 

at a temperature of ~524°C. This was achieved by cladding 8090 with an A1 alloy 
containing 7% Si (AA4343) and then electroplating with a thin layer of copper. 
Bonding was carried out at 540°C using 1 MPa for 0.5 h, which gave sufficient time 
for the solute atoms to diffuse away from the bond line. Hot peel strengths of 
5/6 MPa at 520°C were developed with room temperature bond shear strengths 
>150 MPa. The former were considered to be high enough to prevent peeling during 
SPF. The procedures were used to produce a 2-sheet demonstrator part, 220 mm x 
220 mm, by subsequent SPF but the bond was constrained during forming. 
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Figure 34 Cyclic shear strength of bonds in 7475; T6 condition (144psi= 1 MPa). 
(From Ref. 62.) 


It is clear from the literature that while procedures for producing bonds with 
good ambient mechanical properties and good hot peel strength appear to have been 
established, their suitability for producing 3-sheet structures by subsequent SPF 
remains to be tested. 


10 CURRENT AND FUTURE DEVELOPMENTS 
10.1 Introduction 

A simplified view of the economics of sheet forming is shown schematically in Fig. 35 
where relatively high materials costs and slow forming rates offset the benefit of 
relatively low tooling costs [48]. This diagram indicates that the cost effective niche 
for SPF would involve the production of between 50 and 5000 parts of a given 
product. For a lower annual output a manufacturing route involving substantial 
hand fabrication could be more cost effective while at the higher end matched dies 
could be a less expensive option. For SPF to become a high volume production 
process would require a reduction in materials costs and/or forming times. This 
points to the benefits of lower cost, faster forming alloys. 

The market for products continues to grow but there are a number of factors 
which may limit this growth and need to be addressed. These have been outlined 
by Barnes [48], and include the existence of only a restricted range of qualified alloys, 
the relatively high cost of these alloys, the high cost of developing and qualifying new 
alloys, limited awareness by designers of the potential of SPF, need for an accurate 
thickness prediction modeling technique accessible to designers, and the integration 
of SPF parts into existing joining, assembly and finishing systems. 
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ANNUAL PRODUCTION QUANTITY 


Figure 35 Economics of SP sheet forming. Schematic. (From Ref. 48.) 


Research and development activity has largely concentrated on materials 
rather than the SPF process. It was noted by Sanders [64] that while the number 
of research publications relating to superplasticity had been growing rapidly for 
several years, the number of parts produced by SPF had been increasing at a much 
slower rate. 


10.1.1 Materials 

Much effort has been devoted to the development of new and faster forming SP 
materials. This has led to the observation of high strain rate superplasticity (HSRS) 
which is defined in JISFI7007 by the Japanese Standards Association as SP observed 
at strain rates > 10~ 2 sec _1 [65]. Most high strain rate SP materials are Al-based, 
either alloys or A1 alloy composites containing ceramic or particulate reinforcement. 
Although HSRS was initially reported in the mid-1980s [66], it has been intensively 
studied in Al-base materials since about 1990. The subject has been reviewed by 
Mabuchi and Higashi [67]. 

It is recognized that HSRS is associated with an ultra-fine grain size and this is 
consistent with the predictions of Eq. (5). A combination of thermomechanical 
processing and powder metallurgy has been used to produce alloys with grain sizes 
of < 3 /an. In addition the techniques of physical vapour deposition, mechanical 
alloying or consolidation of amorphous and nanocrystalline powders result in 
increasingly small sub-micron grain sizes, capable of giving SP strains to failure 
at increasingly high strain rates (up to 10 3 sec _1 ). Data for A1 alloys is summarized 
in Figs. 36 and 37 [68,69]. 
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Figure 36 Variation of optimum strain rate for several A1 alloys with different grain sizes 
produced by different processing routes. (From Refs. 68 and 69.) 


Range for Commercial Processing 



Figure 37 Relation between elongation to failure and strain rate for several A1 alloys 
produced by various processing routes. (From Ref. 68 and 69.) 
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While some nano-phase microstructures show poor thermal stability, those 
produced by mechanical alloying such as IN 9021 (wt% composition: 
Al-4.0 Cu-1.5 Mg-1.1 C-0.8 O2) are stable at elevated temperatures because of the 
presence of about 5% volume of fine ( ~ 30 nm) dispersed carbides ( AI4C3) and oxides 
(ALO3 and MgO). For this alloy, and for many other HSRS materials, the optimum 
temperature for maximum SP elongation is above the solidus temperature, or above 
a temperature at which partial melting has occurred. It is believed that the liquid 
phase helps with the accommodation of grain boundary sliding, but a liquid phase 
is not always necessary for a material to exhibit HSRS [68]. 

Although the above materials are interesting and illustrate the importance of 
grain size on SP behavior, they have only been produced in relatively small amounts 
by expensive processing and are unlikely to be of significance in a commercial SPF 
context, at least in the near future. 

A further procedure for producing very small grain sizes ( ~ 1 pm or less) 
involves equal-channel angular extrusion (ECAE) [68,69], The principle of this pro- 
cess is illustrated in Fig. 38. A die is used which contains 2 channels of equal 
cross-section which intersect near the centre of the die. A bar of material which fits 
the channels is pressed through the die to undergo straining by shear. By control 
of the rotation of the bar between successive passes, the deformation temperature 
and the number of passes, considerable strains can be developed leading to fine 
equiaxed recrystallized microstructures. 

This redundant work procedure has been applied to several materials including 
SUPRAL 100 and a Russian SP Al-Mg-Li-Zr alloy (01420), giving grain sizes in the 
range 1 /2-1 pm [70]. Although the resulting microstructures lacked thermal stability 
on heating to their normal SPF temperatures, they did exhibit HSRS at appreciably 
lower temperatures, e.g. 300°C for SUPRAL, with elongations of 500-1000%. 
However, at these lower temperatures flow stresses could be appreciably higher than 
conventional levels (Fig. 39). Grain refinement by ECAE has so far been applied to 
material of relatively small cross-section, ~ 10 mm diameter, but it may be possible 
for the technique to be scaled-up to process larger sections which could be rolled 
to produce ultra-fine grained sheet for subsequent SPF. 



Figure 38 Principle of ECAE. 
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Figure 39 True stress versus strain for tensile tests on SUPRAL processed by ECAE. 
(From Ref. 70.) 


It has been noted that materials such as SUPRAL and Al-Li 8090, which 
develop SP microstructures by dynamic recrystallization during the early stages 
of hot forming, have smaller grain sizes, ~ 5 fim, than those processed by the static 
recrystallization route such as AA7475 and AA5083 (10-15 /un) and, as a con- 
sequence, have higher optimum strain rates for SP flow. To induce dynamic 
recrystallization it is necessary to prevent recovery and recrystallization during 
thermomechanical processing of the sheet material by the pinning action of very 
fine precipitates, e.g. ZrAl 3 . It has been demonstrated that AA7475-0.7Zr produced 
by powder metallurgy can be processed to develop a fine grain ( ~ 2 /<m) 
microstructure by dynamic recrystallization during hot (SP) forming, and 
elongations of 500-1000% could be obtained at strain rates of 1(V 3 -10~ 2 sec -1 [71]. 

Various attempts have been made to improve the SPF properties of AA5083 
because of it commercial significance, and these have been summarized by Vetrano 
et al. [24]. It was shown that by applying a range of thermal treatments to Mn, 
Sc and Zr-containing Al-Mg alloys, the recrystallization behavior could be modified 
to create either fine, stable grains or a microstructure that was resistant to static 
recrystallization (i.e. dynamically recrystallizing). However, apart from the costs 
of producing and qualifying new or modified alloys, it should be noted that sheet 
producing industries are volume sensitive businesses and there are viable tonnages 
below which production is not worth while. 

10.1 .2 SPF Process 

The production of a part by SPF initially requires the manufacture of a tool. The 
manufacturing process then involves several stages. These include the application 
of lubricant to the sheet blank/tool interface, the loading of the sheet into the press, 
clamping around the edge to ensure a gas tight seal, heating of the sheet to forming 
temperature, the forming of the part, opening of the press to allow the part to cool 
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sufficiently to enable it to be removed without distortion, and finally trimming. It is 
important to optimize all of these steps to ensure that overall costs are minimized. 

Tooling is vital to the success of SPF as it has to operate at elevated tempera- 
tures without being degraded, contain the gas pressure and withstand the mechanical 
force applied. It must produce parts of high dimensional accuracy and good surface 
finish, which should be manufactured at minimum cost. The use of non-planar split 
clampline tooling can be utilized in female and drape forming to bend the sheet into 
a near-net shape before starting SPF in order to minimize SP strain levels and 
thickness variations [48], Where CAD data for a part is available, this can be used 
to produce tools of high quality from solid blocks in commercially competitive times 
by Computational Numerical Control (CNC) machining. Multiaxial CNC milling 
can be used to trim parts. 

Continual refinement of currently available materials, tooling and forming 
equipment, will help to expand the cost-effective niche. However, a breakthrough 
in the development of an A1 alloy of ultra-fine grain size and fast forming rate pro- 
duced at low cost would help to transform SPF from its expanding niche into main 
stream manufacturing. The evidence so far is that lower cost and faster forming 
are mutually exclusive objectives. 
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Aluminum Chemical Milling 
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1 INTRODUCTION 

Perhaps the hallmark of any useful manufacturing process is its longevity. The ori- 
gins of the chemical milling process can be traced back to the discovery of organic 
acid, followed by the discovery that the acids could be used to encourage corrosion 
[1], Once maskants were developed that allowed selective exposure to the corrosive 
liquids, the chemical milling process was essentially defined. 

The earliest written evidence of deliberate use of etching on iron appears in 
a fifteenth-century English manuscript [1]. The manuscript describes an etchant 
consisting of salt, charcoal and vinegar and a “maskant” of linseed oil paint. 
The paint was brush applied in the required pattern, and later the etchant 
was applied to all unprotected areas. The use of chemical etching as a technique 
for engraving weapons and body armor became more widespread in the early 
fifteenth-century. Weapons and body armor were forged as hard as a craftsman’s 
engraving tools, hence the old engraving technique was quickly replaced chemical 
etching process. 

Craftsman employing chemical etching techniques were faced the same prob- 
lems experienced in modern day chemical milling operations. Maskants developed 
by the sixteenth-century were an amalgam of wax, resins and asphalt [1]. After 
applying the maskant by brush the craftsman would work the maskant with 
scribing tools consisting of needles and scrapers [1], Once the masking work 
was completed the etchant would be applied drop by drop and perhaps moved 
about with a brush to move the etchant to the precise locations necessary. Just 
as today, the craftsman pondered problems such as poor maskant adhesion, or 
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complete maskant failure. Corrections for such problems included hand polishing 
to blend-in chemical burns, or pits, and perhaps adjusting a design to cover areas 
damaged by maskant failure. 

The chemical etching technique as developed for armor etching also found use 
in the early printing industry and had profound affect on graphic printing [1]. 
The primary advantage of an etched line over that of an engraved line is that 
the etched line is produced without an upstanding burr. 

In more recent times the chemical milling process has been employed to manu- 
facture filter elements for internal combustion engines, cut hard or thin materials 
that challenged conventional mechanical techniques, cut recesses in bearing journal 
to facilitate bearing lubrication, create printed circuits, and facilitate the manufac- 
ture of large metal structures for the aerospace industry. Variants of the chemical 
milling are used primarily in the electronics industry and the aerospace industry 
[1], One important spin-off of chemical milling technology is its use to manufacture 
intricate replacement parts for the human body. 

In 1953 application of the chemical milling technique for aluminum was devel- 
oped by Manuel C. Sanz and a group of manufacturing process investigators at 
North American Aviation in California, USA [1]. The team developed maskants 
and etchants that could be used to produce consistent surface finishes on formed 
aluminum sheets. The use of a closely adhering maskant and etchants to create exact 
pocket dimensions and structurally useful ribs was essentially the first time the pro- 
cess had been used as a structure forming technique for aerospace applications. 
Before the chemical milling process, sheet metal structures for aerospace 
applications were created by forming two or more identical parts; routing one 
or more parts to create lightening holes, then joined all parts with rivets or threaded 
fasteners. With chemical milling one part is formed from a thicker substrate, then 
selected areas are removed by etching to create a lighter and stronger part without 
the concerns of sandwich or crevice corrosion. 

Modern applications and uses of aluminum chemical milling include: 

• Stock reductions to create material dimensions not available from metal sup- 
pliers or rolling mills. 

• Stock reductions to reduce web thickness on machined components. 

• Selective metal dissolution from sheet material to reduce part weight. 

• Selective metal dissolution from sheet material to accurately locate structural 
features such as land or boss areas for mating parts or a pass-through. 

• Tapering to create special part features or shim stock. 

Covered in this chapter are: 

• Five process steps of aluminum chemical milling. 

• A review of maskant technology and solvent emission limits from masking 
operations. 

• Discussion of tooling requirements, i.e. how to calculate removals and tooling 
offsets. 

• A review of etchants used for aluminum chemical milling and appropriate waste 
disposal techniques. 

• A review of materials best suited for tank and work rack construction. 
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2 CHEMICAL MILLING PROCESS STEPS 

2.1 Pre-mask Cleaning 

Aluminum must be cleaned to remove forming lubricants and soils before maskant 
application. Cleaning solutions must be capable of removing soils and preventing 
re-deposition of the soils. Techniques for pre-mask cleaning vary from a simple 
degreasing step by solvent wiping to elaborate processes that include aqueous 
degreasing, alkaline clean, acid pickle (etch), acid desmutting and application of 
a colorless conversion coat. 

The minimum requirement for pre-mask cleaning is a solvent wipe. The 
preferred solvents have long been Toluene and Xylene, however emissions of both 
solvents are now regulated in the USA by the 1998 Aerospace NESHAP segment 
of the 1990 Clean Air Act [2], Other solvents such as Acetone or a new compliant 
solvent, Oxsol-100, are candidates for a pre-mask cleaning solvent. 

Aqueous degreasing followed by alkaline or acid etching and an acid based 
desmutting solution represents a more consistent pre-mask cleaning process. 
Typically parts are degreased and alkaline cleaned before masking. A variety of 
proprietary aqueous degreasing and alkaline cleaning solutions are available. Most 
employ sodium hydroxide, sodium or potassium carbonate or bicarbonate, sodium 
metasilicate or trisodium phosphate. The user should select an aqueous degreaser 
and alkaline cleaner that effectively removes the soils encountered, and then develop 
the cleaning process around the selected cleaner(s). Pre-mask cleaning will influence 
maskant adhesion, therefore, the cleaning process must be designed to make bare 
and claded aluminum surfaces appear the same to the maskant. To simplify basket 
loading, the cleaning process should accept mixed loads of bare and clad aluminum. 
Failure to properly condition the substrate for masking will result in large maskant 
adhesion variations, which will impact the quality of the finished chem-mill product. 
A pre-mask cleaning process should include aqueous degreasing, alkaline cleaning 
and deoxidize (Fig. 1). A more elaborate pre-mask cleaning process would include 
alkaline or acid etch following alkaline cleaning followed with an acid desmut 
or deoxidize step (Fig. 1). 

Colorless conversion coat is recommended if the masking process is located at a 
remote site and shipping by truck is required. The conversion coat will impede sur- 
face corrosion if the parts should get wet due to rain or other mechanism during 
transfer. If a conversion coat for part protection is necessary the cleaning process 
should be extended by increasing the process time in the Deoxidizing solution, 
or adding a Nitric/Hydrofluoric acid, or alkaline etch before deoxidizing. 

2.2 Maskant Application 

Chemical milling maskants may be applied by a variety of techniques. Brushes or 
paint rollers may be used for small parts, or to cover small surface areas (1-2 ft 2 ) 
on large parts. Sophisticated immersion coating or spray coating systems, that 
include solvent flash-off and drying ovens are used for large-scale operations. 
Depending upon the type of maskant selected, an attendant solvent emission control 
system may also be necessary. The maskant film must provide chemical resistance, 
abrasion resistance, tear resistance and reasonable adhesion to the aluminum 
substrate. The maskant film must maintain adhesion at the scribe line and prevent 
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Figure 1 Pre-mask cleaning. 


etchant leakage beneath the maskant. The maskant film must be uniform over the 
entire part surface, easy to scribe, provide contrast to highlight scribed areas such 
that operators can see the scribe lines, and must retain ink or graphite markings. 
An ideal maskant film thickness for most chemical milling is 0.014 to 0.02 in. 
Solvent-based maskants perform well with 0.012-0.016 in. of maskant film; 
waterborne maskants perform best in the 0.016-0.02 in. maskant film thickness 
range. 

The techniques most often used for maskant application are flow coating, 
immersion coating and spray coating. Maskant application by brush or roller is 
discouraged because this technique imparts coating defects such as bubbles and 
pinholes that must be repaired before chemical milling. 


2.2.1 Flow Coating 

The Flow Coating apparatus (Fig. 2) consists of a shallow tank, a low volume pump 
with flexible hoses and part racking devices. The parts are positioned over the tank 
and operators manually direct the maskant flow over the surface of the part from 
the top edge to the bottom. The maskant film is dried, then the parts are typically 
rotated and coated a second and third time to achieve a somewhat uniform film 
of proper thickness. The flow coating technique is most effective on medium sized 
parts (i.e. 3 ft wide x 10 ft long). Small parts and extrusions are usually dipped 
in the shallow tank. Flow coating large parts (10 ft wide x 30 ft long) is near imposs- 
ible as it is difficult maintaining an even flow over large part surfaces. The frequency 
of maskant film defects such as bubbles and pinholes is greater with flow coating than 
either immersion coating or spray coating. 
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Figure 3 Immersion tank coat apparatus for maskant application. 


2.2.2 Immersion Coating 

Immersion coating is ideal for small to large parts, particularly if the parts have 
complex contours. Immersion coating provides the best quality maskant films 
for the broadest range of applications. Immersion coating is accomplished with 
a hoist, or lowering device located directly above a maskant tank. The parts are 
lowered into the maskant at a controlled rate, then are withdrawn from the maskant 
at a controlled rate (Fig. 3). 
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Figure 4 Conveyance scheme for automated maskant application. 


Immersion coating is easily linked to conveyance systems that can shuttle the 
coated parts through a drying oven and out to a load /offload work area where parts 
are rotated for additional maskant coats or removed for scribing (Fig. 4). 

Immersion coating systems offer exceptional transfer efficiency as virtually all 
the maskant applied remains on the part, or is reclaimed as it drips back into 
the maskant tank. Immersion coating systems have been constructed with a drip 
pan included to catch and reclaim maskant that drips from parts. Including a drip 
pan should decrease coating cycle-time as parts do not have to remain over the 
maskant tank. In practice however, drip pans and the attendant pump(s) and piping 
require frequent maintenance. The more practical approach is to plan for mask line 
capacity such that sufficient drip time over the maskant tank (10-15 min can be 
accommodated. 

The primary disadvantage of immersion coat systems is the initial cost of filling 
the maskant tank. Project planners must plan for either a large increase in overhead 
costs in the year that the tank is filled, or include the maskant cost as an expensive 
item in the project cost. A secondary disadvantage of immersion coating systems 
is the somewhat greater complexity of immersion coat tanks versus a flow coat tank. 
The immersion tank design must include means for maskant circulation by either 
pumps or a mixer apparatus to insure consistency of the maskant, and to sweep 
bubbles from the maskant surface between part immersion cycles. Tank design 
schemes successful for immersion coating systems are discussed in Sec. 3. 


2.2.3 Spray Coating 

Spray application of maskant is a good maskant application technique for large flat 
parts and large parts with a mild contour (200 in. radius), (Fig. 5). 
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Figure 5 Spray apparatus for maskant application. 


Spray coating of large parts with airless spray equipment can be accomplished 
with transfer efficiencies approaching 70-80%. Large, relatively flat surfaces limit 
excessive losses due to coating over-spray. An equally important aspect of spray 
masking is that maskant may be purchased and used in convenient quantities, thus 
there is less maskant inventory. 

Preferred equipment for the spray application is airless or airless /air assisted. 
Spray gun and spray tip requirements are based on the application conditions 
and can be determined by the maskant supplier. 

Spray application of chemical milling maskant is easily automated. A typical 
approach is for the part to pass between opposing spray guns. Conveyance equi- 
pment designs can be identical to immersion coat systems, except a maskant spray 
apparatus is constructed instead of an immersion tank, (Fig. 5). 

The primary disadvantage of spray application is that generally 4-5 coats are 
required to build the same maskant film thickness that can be applied in 2-3 immer- 
sion coats. Each additional coat requires a cure step as well, so actual cycle time 
for a completed spray applied maskant coating could be 67% longer than required 
for flow or immersion coating. 


2.3 Maskant Scribing 

Scribing for the general aluminum chemical milling application is accomplished with 
a standard X-Acto® Knife, (e.g. #2 Flandle with the #11 Stainless Steel Blade). 
Knife orientation relative to the tool is important. Poor scribing technique can result 
in mis-located chem-mill lines and substantial rework effort, (Fig. 6). 
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Figure 6 Scribe knife orientation. 



Figure 7 Chem-mill scribe tool application. 


Chem-mill tools are constructed of sheet aluminum, sheet steel, or fiberglass 
[3]. Scribe tools are typically located on the blank parts by pinning through 
pre-punched tooling holes. The tool is used as a guide for the scribe knife. Tools 
are generally color-coded to indicate multi-cut parts. Each airframe manufacture, 
and perhaps each chemical milling subcontractor has a color code to indicate 
cut number. The color is painted around the perimeter of each pocket. Operators 
mark the order of cut with a pencil or ink pen according to the color-code that 
appears on the tool (Fig. 7). 
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Figure 8 Scribe line sealer advantage. 


Parts with multiple chem-mill cuts may be processed by scribing and milling 
Cut 1, and then scribing and milling Cut 2 etc., or by scribing all pockets /lines with 
one tool set-up then sealing all lines for Cuts 2 and greater. To successfully complete 
the latter process a line sealer is applied by brush over all scribe lines that define 
preceding cuts such as 2, 3, 4, . . . (Fig. 8). Scribe line sealers must prevent etchant 
leakage into scribe lines during the chemical milling process, but pull away cleanly 
as each pocket is pulled for further chemical milling. In addition line sealers must 
apply rapidly without foaming. Just as with chem-mill maskants line sealer choices 
are solvent-based or waterborne. Without question, recently introduced waterborne 
line sealer products are superior to their solvent-based predecessors. 


2.3.1 Laser Scribing 

The scribing process was automated with the introduction of a Laser Scribing 
Machine in the early 1980s at McDonnell-Douglas in St. Louis, Missouri. The 
machine was designed and constructed to scribe flat aluminum sheet stock only. 
More sophisticated multi-axis laser scribing machines were developed at the Douglas 
Aircraft Division of McDonnell-Douglas in the mid 1980s. Laser Scribing machines 
are now available from virtually any manufacturer of laser machine tools. C0 2 lasers 
are typically used for maskant scribing applications, and when possible the number 
of optics in the beam path should be minimized (Fig. 9). 

Locating the laser close to the work surface, and moving the work surface 
instead of the laser, allows for a short beam path and should allow use of fewer 
optics and a low power laser. 
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Figure 9 Laser scribing chem-mill maskant. 


Laser power requirements for maskant scribing are determined by the number 
of optics in the beam path, and the desired feedrates for laser scribing. For example, 
with one folding optic and an objective lens in the beam path, and a 400 in. /min. 
(ipm) on axis feedrate a minimum of 200 W of laser power at the work surface 
is necessary. Less laser power will cut the maskant, however with a minimum of 
200 W at the cutting surface, the laser scribing process can easily accommodate 
variations in maskant film thickness, and variations on work-piece flatness. Such 
variations move the cut area in and out of the depth of field of the objective lens. 
Having adequate laser power is the most practical way of correcting for focus 
variations. 

The light energy emitted from lasers in the 200-500 W range will reflect from 
the aluminum substrate, thus there is no damage to the substrate, but an enclosure 
should be constructed around the scribing machine. Since the laser vaporizes the 
maskant, there is an effluent generated by the process. Silica and quartz dust are 
possible by-products as is small amounts of styrene (from the styrene butadiene 
rubber typically used in maskants), CO and CO 2 . Therefore, the process must 
be ventilated and emissions may be regulated by local air quality authorities. 

Once the scribing machine is installed the supplier and user of the laser must 
work out an acceptable scheme for laser power control. As the machine slows 
for corners or splines in the part geometry, laser power must be reduced to prevent 
overheating of the maskant. A typical scheme is to run the laser in continuous wave 
mode while operating at feedrates greater than 100 ipm, then converting to laser 
pulse mode for lower feedrates as the machine negotiates comers. 

Laser scribed lines are more difficult to line seal than knife scribed lines. Laser 
scribe line kerf width is 0.002-0.01 in. compared to 0.001-0.002 in. for a knife scribed 
line (assuming that a sharp knife is used) (Fig. 9). Waterborne scribe line sealers 
recently formulated for laser scribed lines have provided excellent performance. 
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As with knife scribed lines the line sealer products should be flowed over the scribe 
lines with unidirectional brush or applicator strokes. Multi-directional brush 
strokes, or "painting” the scribing lines can draw the line sealer out of the scribe 
line, which will allow leaks at the scribe line during the etching process. 

The primary advantage of laser scribing is the elimination of scribing tools - 
reduction in scribing time is significant for large parts only. Once part data has been 
digitized, scribing automation can be easily expanded to include tooling hole 
location and final routing. Integrating chem-mill scribing with pre- and post 
chem-mill processes will eliminate requirements for all tools and sample parts. 
Hence, the manufacture and administration of many tools can be eliminated, plus 
part design changes can be incorporated in minutes instead of months. 

For large part scribing, the expansion coefficient for metal or fiberglass scribing 
templates is sufficient to cause significant dimensional problems for long parts 
(20-40 ft long) when scribing is performed manually. Material used for scribing 
templates and work surfaces or holding devices must be selected to mitigate 
dimension changes that may occur due to differences in morning and mid-day 
temperature. Laser scribing allows for simple correction by using machine control 
unit functions for temperature compensation. Temperature compensation can easily 
be programmed into laser scribing machines to correct for problems with part/tool 
expansion or contraction. 

2.4 Etching 

Once scribing and line sealing are complete, parts are ready for etching. Parts are 
loaded into simple baskets or onto load bars. The preferred load position is diagonal, 
(e.g. 45°), but parts are frequently loaded in a vertical, or 90° position (Fig. 10). Parts 
horizontally (flat) in work baskets will carry larger amounts of etchant into the first 
rinse. 

Parts are held in position by simply wiring the part to the basket structure, or 
by weighing the parts down with heavy screens. Small parts are generally placed 
in special dividers and held in place with heavy screens. If the chem-milled cut depth 
exceeds 50 mm, then good practice dictates stopping the process half way through 
the cut, and rotating the part 

Two etchant types are used for aluminum chemical milling, Type I and Type II 
(Table 1). A preferred practice in some chemical milling operations is to mill 80% of 
the cut in Type I Etchant, and finish the cut in Type II Etchant to improve surface 
finish. 

Agitation of the etchant while parts are in process is good practice. Depending 
upon etch rate, some chem-mill operators refer to aluminum etchants as 
self-agitating, but agitation by mechanical means is necessary. Etchant agitation 
by air sparging is discouraged as injecting oxygen into the etchant will produce 
thiosulfate [4, 5], which will in turn cause rough surface finish. Use of mixers, 
or pump(s) and fluid eductors is a preferred choice for etchant agitation. 

2.5 Demasking 

Demasking consists of removing all chem-mill maskant after all chem-mill cuts have 
been completed to the proper depth. Demasking is generally accomplished by simply 
pulling the maskant away from the substrate by hand. Specialized demasking tools 
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Diagonal Loading - best 
when coupled with 
rotation @ 1/2 cut depth 


V 7' 


Flat Loading - acceptable, 
but etchant is carried into 
rinse. 

Figure 10 Basket loading. 


Part Basket 



Vertical Loading - acceptable, 
but multiple rotations are 

recommended. 


have been developed for removing maskant from those substrates that exhibit 
excessive maskant adhesion (Fig. 11). The demasking tools are also valuable for 
expediting the demasking process. Other techniques such as dissolution of solvent 
based maskants (by immersing the part in the original maskant diluent) require long 
cycles times and expensive clean-up. Demasking by hand is the best compromise. 


3 MASKANTS FOR ALUMINUM CHEMICAL MILLING 

Masking for chemical milling is the most critical of the five basic process steps. The 
maskant type and application technique selected influence all aspects of the process. 
The pre-mask cleaning technique employed is dependent upon the maskant type 


Table 1 

Aluminum Etchants 




Aluminum 

Etchant 

Constituents 

Operating 
Temperature, °F 

Etch Rate 
mm/m/ sec 

Surface Finish, Ra 

Type 1 

sodium hydroxide 
sodium gluconate 

180-205 

0.5-1. 2 

120-250 

sulfur 

Advantage: low cost 
Type II sodium hydroxide 

sodium sulfide 

180-225 

0.8-3 

40-70 

triethanolamine 

Advantage: fast etch; excellent surface finish. 
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Rolling Maskant 



Low Speed Drill Motor 
With extended shaft 



selected. Overall process cycle-time is influenced by masking dry and curing time 
requirements and the maskant adhesion to the aluminum substrate. High maskant 
adhesion (adhesion in excess of 40-45 oz/in.) extends scribe and patch times and 
the time required final desmasking efforts. High maskant adhesion contributes 
to employee discomfort and medical costs in the form of muscle strains and injury. 
High maskant adhesion contributes to increased scrap as thin gage material may 
yield and deform as large areas of maskant are pulled away during the demasking 
operation. 

For aluminum chemical milling there are two maskant types, waterborne or 
organic solvent systems. The Environmental Protection Agency (EPA) established 
limits for control of emissions from chemical milling maskant application based 
on the etchant type used. If Type I aluminum etchant is used emissions may be 
622 g/1 (grams solvent per liter of liquid maskant applied). If Type II aluminum 
etchant is used and compliant maskants (waterborne or compliant solvent) are selec- 
ted then solvent emissions are limited to 160 g/1. If Type II aluminum etchant is used 
and solvent-based maskant with solvent abatement equipment is selected, the abate- 
ment equipment must demonstrate a minimum 81% capture efficiency [6]. The use of 
etchant types as a determinator for allowed solvent emission is based on perform- 
ance failures of waterborne maskants in the Type I aluminum etchant. 

Solvent-based chemical milling maskants are based on synthetic rubbers and 
one or a combination of organic solvent diluents. Filler materials and other additives 
are also included to enhance certain performance characteristics such as tensile 
strength, abrasion resistance or chemical resistance. 

Development of organic solvent-based maskants began with Dr. Sanz and 
development of chemical milling as a modern manufacturing process. Solvent-based 
masking systems experienced some development pains, but the products evolved and 
improved and solvent-based maskants have remained essentially the same since the 
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early 1980s. The lingering attraction to solvent-based maskants is that they are a 
known entity. Chemical milling operators can purchased solvent-based maskants 
from suppliers, or make solvent-based maskant. Formulas for solvent-based chemi- 
cal milling maskants are available from resin suppliers. Solvent-based maskant 
formulae are mature and in terms of potential variations in pre-mask cleaning 
and aluminum etchants, solvent-based maskants are robust. 

Early waterborne maskants employed natural rubbers emulsified in water. 
Chemical resistance was excellent, but the emulsion proved unstable and early 
waterborne maskants tended to fail in the mask tank in the form of uncontrollable 
viscosity or conglomerated rubber particles. Early arguments against waterborne 
maskant centered on the instability of the emulsions. Waterborne maskants that 
were mixed violently, or not properly maintained in the correct pFI range, etc. could 
set-up into viscous lumps of rubber. 


3.1 Equipment Designs 

Strategies for use of such unstable maskants included improved equipment designs 
and different maskant chemistry. Early offerings of waterborne maskant were pil- 
oted in 500-1000 gal capacity tanks. The tank size selected for pilot operations 
allowed for reasonable evaluation and development cost, and allowed sufficient 
space for processing some production parts. Initial tank designs centered on simple 
rectangular tanks with circulation pump(s) connected to chambers located at oppos- 
ing ends of the tank. Maskant was pumped from one chamber to the opposing 
chamber, hence maskant flowed across the tank surface (Fig. 12). Maskant flow 


Conventional Mask Tank Design 



Multiple pumps may be required 
for long tanks, or side-to-side flow 


Side-to-side flow for long tanks 



Mixer in Draft Tube Arrangement 



Figure 12 Mask tank designs for immersion coating. 
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problems are a potential problem with conventional tank designs. Maskant “skins” 1 
may appear in surface areas where there was insufficient fluid flow. Valves installed 
to allow some control of pump will produce little improvement. 

In addition to the flow problems, pump selections can produce disastrous res- 
ults. High shear pumps, such as gear or vein pump designs will destroy waterborne 
maskant. Within a short time high shear pumps will likely seize due to large amounts 
of conglomerated maskant collecting on pump internals. Diaphragm pumps are con- 
sidered low shear pumps and they provide considerable improvement over the high 
shear designs. Diaphragm pumps do not correct flow problems in the tank, and they 
create their own maintenance problem. Diaphragm pumps are marginal for continu- 
ous duty service. This fact has been demonstrated in production facilities where 
diaphragms fail with regularity and fillers in the maskant quickly erode valve seats. 
Generally, complete pump rebuilds will be required at intervals ranging from 
100-500 hr of pump operation. Attempts to extend the service interval increases 
the risk of catastrophic diaphragm failure, which will immediately contaminate 
the maskant with small air bubbles. Repairing pumps and “de-airing” maskant 
typically entails 16-24 hr downtime. 

An alternate tank design for waterborne maskants as developed in the 1980s [7] 
(Ref. Fig. 12). Mixers in a draft tube were selected to correct maskant flow problems, 
and the mixer and draft tube arrangement created weir flow at the down-flow mixer, 
a desirable attribute of the pump driven circulation design. Mixers are capable of 
moving large volumes of fluid at low pressure [8], hence the maskant surface could 
be quickly displaced and all bubbles and drippings from a previous part are quickly 
swept away. A successful waterborne maskant installation at the Boeing facility 
in St. Louis, Missouri (formerly McDonnell-Douglas) employs the mixer design 
(Ref. Fig. 12). A diaphragm pump is used for maskant transfer to the immersion 
tank, and a progressive cavity pump is used to circulate maskant through a bag filter. 

Construction costs for either design are similar, however designs that use 
mixers will incur lower maintenance costs and less downtime. Design elements out- 
lined in reference [7] have been greatly simplified to reduce costs, while retaining 
all claimed attributes of the tank design. 

Less complicated tank designs may be used. Designs that employ mixers for 
localized maskant blending have been used with limited success. For example, mar- 
ine type impellers may be used and are least expensive, but are best used in draft 
tubes and with impeller tip speed limited to 11 ft/ sec. Low shear impellers may also 
be used, but are less effective than marine type impellers in draft tube applications. 
Any mask tank design that will provide the following performance attributes will 
provide trouble free operation: 

• Mix maskant volume to maintain viscosity and pH consistency. 

• Sweep bubbles and drippings from the maskant surface between part immersion 
cycles. 

• Create weir flow to break entrained bubbles and provide opportunity for 
maskant filtering. 


1 Dried maskant that forms on the maskant surface in the immersion tank. Always occurs in areas of low or 
no fluid flow. 
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• Create surface flow velocities sufficient to prevent the formation of large maskant 
skins. 

3.1.1 Long Term Mixing Studies for Waterborne Maskants 

Due to stability problems experienced with early waterborne maskants testing was 
conducted to determine the tank life of maskant products. Mathematical formulas 
were derived to estimate the service life of waterborne maskant such that suppliers 
and users could perform adequate testing to evaluate long term performance of 
waterborne chem-mill maskant. 

Historic records indicate waterborne chem-mill maskants were evaluated, 
developed, and considered for implementation at a few chemical milling operations 
in the late 1970s, however, a perchloroethylene based maskant and solvent collection 
system was selected as the best process for compliance with the regulations enacted 
by some states. The primary concern with waterborne maskants during those initial 
evaluations was in-tank stability. Early waterborne maskant systems demonstrated 
sensitivity to mechanical forces exerted by the pumps used for material transfer 
and tank circulation. 

In the late 1980s there was a renewed effort to develop and implement 
waterborne chem-mill maskants. The initial maskant formulations offered in the 
late 1980s were essentially the same products that did not work when evaluated 
ten years earlier. Hence the maskant stability question was again foremost in 
the minds of those considering implementation of waterborne maskants. The need 
for techniques for estimating the tank life of a maskant was apparent. 

Immersion, or dip application of chem-mill maskant is the preferred coating 
technique for sheet metal parts with severe contours and extrusions. Immersion coat- 
ing reduces maskant coating defects, eliminates difficulties with spray or flow coating 
equipment and spray booth maintenance. Along with equipment development activi- 
ties [7], a series of equations was derived to describe the service life of maskant in an 
immersion coating system. Mixing studies were conducted to determine the tank life 
of waterborne maskants. Tank designs, maskant operating temperatures, pH and 
impeller configurations were tested (Table 2). The time base for each test run 
was determined with Eqs. (l)-(4). Mixing study research demonstrated that water- 
borne maskant stability concerns are essentially unfounded, provided process control 
recommendations for maskant maintenance are adopted as standard practice. 

Maskant tank life calculations are based the observation that new, or fresh 
maskant is added to an immersion coating system, then thoroughly mixed with 
maskant resident in the tank (Fig. 13). Assume a 200 gal/day mask usage, and 
a total tank volume of 6000 gal. This relation can be modified and written in 
the form of the “Law of Natural Decay” [9]. The new expression is: 

G, = C e k, = 6000 e kt (1) 

where 


G r — Gallons of original mask remaining 
C— Constant tank volume, 6000 gallons for current tank 
t =time, days 

k — Coefficient of mask usage = —3.39 x 10 -2 day -1 , for 200 gal/day mask 
usage. 
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Table 2 Mixing Study Test Plan Example 


Factors 

(-) 

Levels 

Units 

(+) 

A Impeller Tip Speed 

4 

ft/sec 

15 

B Impeller Type 

100 

Model # 

310 

C Maskant pH 

low 


high 

D Maskant Temperature. 

80 

°F 

150 



Figure 13 Immersion tank operating schematic. 


The linear plot of G r = 6000 e kt - for k= —3.39 x 10~ 2 (Fig. 14). 

The new expression provides an accurate estimate of the volume of the original 
tank charge of maskant remaining in the tank at any time ( t ). Flowever, values for G r 
are valid only if maskant added to maintain tank volume is sufficiently mixed with 
resident maskant to produce a homogeneous mixture. 

Impeller (or propeller) type mixing apparatus may be used to promote 
homogeneity of newly added and resident maskant. When placed in a draft tube 
apparatus mixers become inefficient pumps capable of moving large volumes at 
low pressure. Mechanical pumps are more effective for moving low volumes at high 
pressure. Hence, mechanical pumps are less effective for mixing /blending large tank 
volumes. Also, proper placement of mixing impellers produce tank surface flow con- 
ditions conducive to good quality mask coatings. Therefore, a new unit is introduced. 
Impeller Cycles (Ci). Impeller Cycles shall be defined as the number of times the tank 
volume passes through a mixing impeller per unit time. Impeller Cycles can be simply 
defined as the quotient of the total pumping capacity of the mixing impellers used in 
the tank, and the tank volume. 
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Figure 14 Mask tank original charge versus time. 

Ci = Average number of impeller cycles occurring each day 
where 

Ci = total pumping capacity (gal/day)/tank volume (gal/cycle) 

Ci = Cycles/day 

Ci describes the rate at which the tank contents passes through the mixing impellers. 
However, as described per Eq. (1), the volume of the original tank charge diminishes 
relative to time. The original tank charge is blended with new mask and the mixture is 
applied to parts immersed in the maskant. Therefore, the impeller cycles experienced 
by the original tank charge also diminish relative to time. The diminishing impeller 
cycle rate is (7 C ), and is defined as 

h = Ci e kt (2) 

where 

7 C = Impeller Cycles, rate for original tank charge at any time (/), 
cycles/day. 

Ci = Average number of impeller cycles occurring each day, for the entire 
tank volume, cycles/day 
t = time, days 

k — coefficient of mask usage, day -1 

Perhaps more useful information would be an estimate of the total number of 
impeller cycles to which a maskant is subjected from the time of mixer activation, 
(7 = 0), to any time (t). The following equation provides a numerical estimate of 
the total number of impeller cycles (7 ct ), at any time (f): 

7c = C x (e kt - 1 )/k (3) 

where 7 ct = Impeller Cycles, total 

Equation (3) is derived from Eq. (2), reference Appendix A. 
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The total number of impeller cycles to which a maskant will be subjected to during its 
entire tank life is: 

/cm = -Ci/k (4) 

where 7 cm = Impeller Cycles, maximum 
Reference Appendix A. 

Substitution of different constants and mask usage coefficient allows the 
equations to be used to model mask tank operations of any magnitude. For example, 
a manufacturer uses a particular maskant product that covers 650 ft 2 at 1.0 mils 
(1 mil = 0.001 in. ) coating thickness. Parts immersed in the maskant actually receive 
a nominal coating thickness of 6.5 mils. The manufacturer has a 2000 gal capacity 
maskant tank and coats 500,000 ft 2 of substrate each year. 

Maskant usage per year: 

(650 ft 2 /gal)/6.5 mils = 100 ft 2 /gal actually surface coverage. 

(500,000 ft 2 )/ 100 ft 2 /gal = 5000 gal of maskant per year, minimum usage. 

Maskant time in tank: the manufacturer operates a 2000 gal tank, 16 hr per day, 250 
days per year. The average maskant usage per day is: 

(5000 gal mask/yr)/250 mfg. days/yr = 20 gal mask/day. 

Equation (1) can be rearranged was follows: 

G r = 2000 e kt 

k = ln[(2000 - 20)/2000] = -1.005 x 10“ 2 

The mask tank used by the manufacturer has six (6) mixing impellers with a pumping 
capacity of 2500 gal /min. The mixers are operated intermittently. Total mixer oper- 
ation time is 8 min each hr, or 128 min each day. Impeller Cycles per day (average): 

(2500)(8)(16)[gal*min*hr/min*hr*day] = 320,000 gal/day 

=>■ Ci = (320,000)/ 2000 [gal*cycle/day*gal] = 160 Impeller Cycles/day. 

Thus, Eq. (4) becomes: 


7 ct = 1 60(e kt - 1 )/k. 


Providing the total number of impeller cycles at any time (t). 

The maximum number of impeller cycles experienced by the original tank charge of 
maskant during time in tank is: 

7 cm = — 1 60 /( — 1.005) x 10~ 2 = 15, 920 Impeller Cycles. 

The test apparatus for such a system would consist of a small scale tank (10 gal 
with mixer(s) and draft tube(s). A pump could also be used if such a tank design is 
desired. Assuming that mixers are selected a test plan is developed to compare 
the additive effects of impeller selection, impeller tip speed, maskant pH control 
and maskant operating temperature (Ref. Table 2). Based on the estimations from 
Eq. ( 1) (4), each test run should last 15,160 Impeller Cycles. 
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The advantage provided by the equations allowed for rapid evaluations of 
equipment designs and maskant formulae while modeling the expected tank life 
of waterborne maskant products. Derivation of the equations appears in the Appen- 
dix A as they are also applicable for other processes that employ emulsions and 
immersion tanks, e.g. electroprime painting. 


3.2 Waterborne Maskant Chemistry 

In addition to the stability issue, some waterborne maskant product offerings in the 
1980s consisted of multiple coatings and cure cycles. A maskant product promoted 
by the DeSoto Aerospace Coatings Co., consisted of three separate coatings, 
(applied by immersion or spray), with a cure cycle for each. Although complicated, 
the products produced very good results. Unfortunately, the product was considered 
too complicated by most potential users for practical use. 

Competition among maskant suppliers resulted in much improved masking 
systems with stable chemistry and simple control techniques. Actual waterborne 
maskant chemistries are proprietary formulas protected by the maskant suppliers. 
Waterborne maskant offerings now provide performance attributes equal to, and 
in some categories, exceeding the present capabilities of solvent based maskants. 
Waterborne maskants as applied have higher volume solids, which equates to cover- 
ing more surface area per gallon of maskant. 


3.3 Waterborne Maskant Limitations 

Waterborne maskants may not be used in process lines that serve to prepare parts for 
bonding. Surfactants inherent in waterborne maskant systems will leach into 
processing solutions, and influence the surface tension of anodize solutions. 
However, no bond adhesion test specimens processed with a surfactant 
“contaminated” anodize solution are reported to have failed acceptance testing 
Waterborne maskants currently available will not perform well following auto- 
clave cycles. In metal bonding applications a bond cycle of 8-10 hr at 250-350°F 
exceeds the capabilities of waterborne maskants. The long cure time at high tem- 
perature over-cures maskant resulting in excessive adhesion. A waterborne maskant 
could be developed for such an application, but there have been no development 
attempts to date. 


3.4 Regulatory Requirements 

The viable compliance approaches are reduced to use of a waterborne maskant, use 
of a maskant with a compliant solvent diluent, or use of standard solvent-based 
maskant with solvent emission abatement equipment. In some regulatory 
environments, emissions compliance with abatement equipment triggers additional 
record keeping requirements to insure verification of meeting a required emission 
capture efficiency 2 . 


2 In the USA Aerospace NESHAP (National Emissions Standard for Hazardous Air Pollutants) derived 
from the 1990 Clean Air Act require 81% capture efficiency for solvent emission abatement equipment. 
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There are essentially three options for use of solvent-based masking systems 
while remaining compliant with most solvent emission limits. 

• Use solvent-based maskant in conjunction with solvent abatement equipment. 

• Use a compliant solvent such as Oxsol-lOO. 

• Purchase the maskant as a concentrate such that the solvent content is 622 g/1, 
then cut the maskant to operating viscosity with a compliant solvent (applicable 
for Type I etchant users only). 

In all cases the user must insure that the compliance technique and application pro- 
cess does not exceed the worker exposure limits (i.e. OSHA Personal Exposure Limit 
(PEL) in USA) for the solvent(s) selected. In addition the user must be certain that 
solvents selected comply with all local regulations and that all equipment used near 
masking areas where flammable solvents are used comply with local fire codes 3 . 
Solvent-based maskants with abatement equipment allows two options. 

• Use a flammable solvent diluent such as toluene, actone, xylene or Oxsol-lOO 
with thermal oxidation equipment. Solvent emissions are burned and the heat 
of combustion can be captured for use elsewhere in the facility. All equipment 
near the masking operation must be explosion proof and when the solvent load 
from the masking operation drops before a prescribed minimum, natural gas 
or other fuel must be used maintain proper combustion temperature. 

• Use a chlorinated solvent such as perchloroethylene and Carbon Bed Solvent 
Collection. 

Perchloroethylene with carbon bed solvent collection is perhaps the best choice 
if solvent-based masking operations are preferred. Carbon beds can tolerate low 
solvent loading and remain relatively efficient. Properly designed carbon bed systems 
can maintain 95-98% collection efficiency of all solvent that enters the inlet plenum, 
(Fig. 15 and 16). 

Once a collection bed is completely loaded, steam is injected into the bed to 
strip the solvent. The mixture of solvent and steam is piped to a condensing section. 
From the condenser the mixture is piped to a water separation tank. Solvent is piped 
to a storage tank for reuse, and water is routed to an industrial sewer, or 
water-solvent stripping device to assure that no solvent enters the sewer system. 
The collected solvent may be returned to the maskant supplier and used in new 
maskant, and used to dilute incoming maskant concentrate. For abatement equi- 
pment 81% capture efficiency is required per the Aerospace NESHAP 4 . A capture 
efficiency of 81% equates to a solvent emission of approximately 236 g/1 (grams 
of solvent emitted/liter of maskant applied) depending on the solvent-based 
maskant used. To operate within prescribed emission limits solvent emissions must 
be prevented before the solvent laden reaches the abatement equipment (Ref. Fig. 
16). 

A gross comparison of three frequently used compliance techniques appears in 
Table 3. 


3 Oxsol-lOO is a flammable solvent as is Toluene. Perchloroethylene is not flammable and can be used with 
solvent emission abatement equipment. 

4 Applicable in the USA. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



1180 


Griffin 



Condensing 

Coil 


Water-Solvent 

Separator 

— *- Solvent for 
reuse 


Wastewater 


Figure 15 Primary elements of carbon bed solvent collection. 


Solvent leak to atmosphere through 



Figure 16 Operation schematic for solvent emission abatement. 
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Figure 17 Solvent abatement material balance. 

3.4.1 Record Keeping Requirements [7] 

Following initial compliance demonstration /verification, operators of thermal 
oxidation systems must retain daily records of exhaust stack emissions and equi- 
pment operation parameters. All instrumentation must be operational while the 
oxidation equipment is operating. 

Operators of carbon bed solvent collection equipment must maintain a daily 
material balance to and report emissions for a 7-30 day rolling average to demon- 
strate 81% capture. The material balance is an accounting of all solvent that entered 
the maskant system with all solvent collected by the solvent collection system. The 
difference is the solvent emission. The material balance is based on information from 
flow totalizers that measure the volume of solvent transferred from the solvent bulk 
storage tank to the maskant tank, and solvent collected and transferred to the bulk 
storage tank (Fig. 17). An example of a material balance performed on an operation 
carbon bed solvent collection system appears in Table 4. 

Material Balance Summary, reference Table 4: 

• Maskant Inventory: Maskant is conveniently received in totes of 250-400 gal 
capacity. Drums (55 gal) may be used also, but increased handling labor is 
incurred. A flow meter or flow totalizer could be used, however maskant con- 
centrate viscosity of 22-24 Poise as received, compounded with higher viscosity 
in cold weather and entrained air (from tote changes), etc. make accurate flow 
measure difficult. 
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1185Maskant may be purchased as a concentrate to reduce shipping costs. 
Recovered solvent is used to dilute the maskant to operating viscosity (18-20 
Poise). The volume of solvent can be metered from the bulk tank (Fig. 17). 
An alternate arrangement would be to pump mask concentrate directly to 
the mask tank, then increase solvent additions for viscosity control. 

• Maskant Viscosity is controlled with solvent pumped directly into the maskant 
tank. 

• Solvent in bulk storage is solvent collected and stored for reuse in the maskant 
system, or pumped to empty maskant totes for resale to the maskant supplier. 

• Solvent added for system replenishment is any solvent added to the system from 
an outside source. For example, if the bulk storage tank is low, new solvent 
may be purchased in 5 5 -gal drums and the contents of said drums pumped 
directly into the mask tank. If no new solvent is added to the bulk storage tank 
then the entry for Solvent Added is zero (0). 

• Solvent for Resale is recovered solvent excess to system needs. The solvent is 
pumped to empty maskant totes and returned to the maskant supplier where 
it is used in the manufacture of new maskant. 

• Solvent Removals are quantities of solvent workers remove from the system for 
other purposes. For example, the solvent may be used to dissolve maskant from 
mask line hang hooks. Solvent used for such purposes, i.e. recovered solvent 
now containing a small amount of maskant solids should be added directly 
to the maskant tank, and an entry made for Solvent Added to System. 

• Recovery efficiency is the quotient of Total Solvent Recovered and Total Solvent 
Added. The Uncertainty associated with Recovery Efficiency results from 
measure error propagation. Error propagation is additive and for solvent 
emissions, which is the quotient of Solvent Recovered and Solvent Added to 
System error is: 

bEmission/Emission = (bSolv. Recovery/Solv. Recovered) 

+ (bSolv. Add/Solv. Added). ^ 

As indicated by the Material Balance, solvent collection efficiency must be a 
minimum of 81% to meet regulatory requirements. To assure compliance, collection 
efficiency must be maintained at 83%. Pitfalls with solvent collection and the 
material balance is equipment maintenance and control of solvent removals and 
additions. A valve failure on a carbon bed, if not repaired in a timely manner, will 
result in non-compliance. Workers removing or adding solvent without recording 
the activity, and volumes of solvent transferred, will greatly skew the material 
balance. To be successful as a compliance approach, carbon bed solvent collection 
and material balance reporting requires timely equipment maintenance and careful 
material control. 

3.4.2 Estimating Costs for Masking Systems 

The cost estimating technique presented for all compliance approaches are based on 
an exhaustive accounting of solvent-based and waterborne masking systems. The 
cost estimate were developed by aerospace airframe manufacturer as a means of 
comparing the relative costs of three techniques for complying with Aerospace 
NESHAP emission limits in the USA. The cost estimate results are presented here 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Aluminum Chemical Milling 


1187 


to demonstrate the unit cost of coating aluminum with chem-mill maskant and how 
solvent abatement equipment can be prohibitively expense of work load falls below 
the economic threshold. Cost estimates are based on 1997 dollars and include equi- 
pment costs, maintenance and operating costs for the particular control device 
and support costs for safety and environmental issues. Items not included are equi- 
pment installation costs, or costs for material handling and automated conveyance 
equipment as such costs are site specific. 

Calculating Maskant Surface Coverage and Estimating Maskant Use 
Maskant suppliers will report the solids content of a maskant as % by weight, and 
sometimes they will include solids content as % by volume. To determine the area 
that a maskant will cover, solids as % by weight must be converted to solids as 
% by volume. The unit used to describe coating coverage isft 2 -mil/gall, i.e. the area 
covered by 1 gall of maskant, with a dry coating thickness of 1 mil (0.001 in.). 
Calculating the actual coverage for a particular maskant is important as suppliers 
offering a lower price may simply be diluting their product and selling more water 
or solvent, whatever the situation may be. See Appendix B for surface coverage 
calculation technique. 

Thermal Oxidation 

Thermal oxidation equipment for flammable solvent is generally the least expensive 
abatement equipment. The function describing the unit cost of operating thermal 
oxidation equipment is the quotient of capital cost of the abatement equipment 
(depreciated over 13 years), plus recurring costs for maskant and abatement 
equipment, and the total area of aluminum to be coated at an idea maskant film 
thickness. It is reasonable to assume a service life for thermal oxidation equipment 
is equal to the depreciation period. Hence, once the depreciation period ends, 
the equipment will be replaced with like equipment (Fig. 18). 

$/ft 2 = ($63, 000 + Recurring Costs)/Surface Area. (6) 

Where Recurring costs are all maintenance and equipment utility costs and 
maskant costs. Solvent-based maskants will cover approximately 28 ft 2 with a 
dry mask film, 14-15 mil thickness. 

Carbon Bed Solvent Collection 

Carbon Bed Solvent Collection of non-flammable solvent such as perchloroethylene 
is a good compliance choice for varying solvent loads. The function describing the 
unit cost of operating carbon bed solvent collection equipment is the quotient of 
capital cost of the abatement equipment (depreciated over 13 years), plus recurring 
costs for maskant and abatement equipment, and the total area of aluminum to 
be coated at an idea maskant film thickness. It has been demonstrated that service 
life of carbon bed solvent collection equipment is equal to the depreciation period. 
Hence, once the depreciation period ends, the equipment will be replaced with like 
equipment (Fig. 19). 

$/ft 2 = ($53, 000 + Recurring Costs)/Surface Area (7) 
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Figure 18 Thermal oxidation, $/sqft versus area coated. 


1 2 3 4 5 

Surface Area Coated, sq.ft (X 1,000) 

Figure 19 Carbon bed solvent collection, $/sqft versus area coated. 

Waterborne Maskant 

Waterborne maskant requires the lowest capital expenditure and the lowest costs for 
maintenance. Unlike abatement equipment, waterborne maskant will become less 
expensive when the depreciation period ends (Fig. 20). 

$/ft 2 = ($45, 000 + Recurring Costs)/Surface Area (8) 
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Surface Area Coated, sq.ft. (X 1,000) 

Figure 20 Waterborne maskant, $/ sq ft versus area coated. 


Waterborne maskants will cover approximately 29 ft 2 with a dry mask film, 
18-20 mil thickness. Waterborne maskants will cover more surface area with greater 
film thickness due to higher volume solids content of the liquid maskant. Typical 
weight solids for solvent-based maskant is 20 wt% and 25 vol% and the product 
is used at viscosity of 18-22 Poise. Waterborne maskant are typically 42-45 
wt% and 30-40 vol% and are applied at viscosity of 25-40 Poise. In the out-years 
following the capital equipment depreciation period the unit cost function is (Fig. 
21). 


$/ft 2 = ($700 + Recurring Costs)/ Surface Area 


( 9 ) 


Taguchi Loss Function as Cost Estimating Technique 

An unconventional cost estimating technique that is valuable for all projects with an 
environmental impact, i.e. any manufacturing process regulated by a government 
agency, is the Taguchi Loss Function [10]. The traditional view of environmental 
compliance is simply reducing emissions to fall within compliance bounds. Hence, 
if an emission limit is 160 g/1, then compliance is achieved if emissions are controlled 
to 159 g/1. 

The Taguchi Loss Function ranks processes, or a compliance approach by the 
overall impact on society. By Taguchi’s logic a violator starts paying a debt to society 
when emission limits are exceeded, however society still pays for health disorders 
even at emission levels somewhat lower than the limit defined by law. Hence, 
emitting 159 g/1, though legal, really is not any better in terms of environmental 
improvement than emitting 161 g/1, which would trigger a fine. 
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Figure 21 Waterborne maskant, S/sqft versus area coated. 


In the case of environmental issues the loss to society is the cost paid to treat 
cancer, respiratory disorders, and other health issues. The loss to a company is 
in the form of fines paid to regulatory agencies, and increased health and operating 
insurance premiums. Taguchi’s Loss Function 

$ Loss = kx 2 (10) 


where 


$ Loss is the loss to society due to poor air quality, e.g. ozone alert days. 
x is solvent emissions from a chem-mill masking operation 
let x — <r + 


where 

a is the Standard Deviation of solvent emissions from abatement equipment, 

and /x is the average emission from solvent abatement equipment. 

=>■ $Loss = k[a 2 + it] (1 1) 

Industry example — a “Case Study” of statistical methods for cost comparison. 
First calculate probabilities of exceeded allowed emission limits, then compare 
Taguchi Loss Function. 

Solvent Abatement — a 10,000 CFM Carbon Bed Solvent Collection system 
operated for 13 years capturing solvent emission from a chem-mill masking oper- 
ation at a large aerospace company. Operating history indicated average emission 
(ft) to atmosphere from the system was 120 grams solvent per liter of maskant 
applied, with Standard Deviation er = 74 g/1. Emission limits allowed per the Aero- 
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space NESHAP, effective September 1998, are 160 g/1 for Type II etching (for com- 
pliant maskants), 236 g/1 for Type II etching (for solvent abatement equipment), and 
622 g/1 for Type I etching. 

The probability of exceeded the mandated emission limits can be estimated 
based on the long-term performance of the system described. It should be noted 
that maintenance of the system described was not a priority. This fact is evident 
in the standard deviation of solvent emissions for the system. 

With the solvent collection system operating as described, the probability of a 
compliance failure based on the equipment operating history and the 236 g/1 limit 
may be calculated [11]. It is assumed that solvent emissions from the described sys- 
tem are normally distributed with mean emissions of /<=120 g/1 and standard 
deviation a = 14 g/1., i.e. x ~ N(ju, a 2 ), or x ~ A(120, 74 2 ). A process drift of 1.5(7 
is included [12], i.e. (1.5)(74)= 111 g/1. 


P[x >«} = ! — P{z < ( a — fi)/cr} = 1 — <5[(« — fi)/a] 


( 12 ) 


Where <5(*) is the cumulative distribution function of the standard normal distri- 
bution (mean = 0, standard deviation = 1) [11], 

Then, from Eq. (11) 


P{x > 236} = 1 - P{z < (236 - 120)/11 1} = 1 - <5[(u - n)/a\ 
= 1 -P{z > 1.0450} 

= 1 - <5(1.0450) 

= 1 - 0.85199 (table value) = 0.15, or 15% 


Based on the historical data, that particular solvent collection system would be out of 
compliance 15 days out of 100. 

Assume that the latest in solvent collection equipment, plus careful 
maintenance, can reduce both average solvent emissions and emissions variance such 
that /( = 110 g/1 and a = 40 g/1; 1.5er = 60 g/1. The probability of compliance failure 
and fines becomes 


P{x > 236} = 1 - P{z < (236 - 1 10)/60} 

= 1 -P{z < 2.1} 

= 1 - <5(2.4) 

= 1 -0.98422 (table value) = 0.016, or 1.6% 


Thus, unless equipment maintenance remains a high priority, the solvent collection 
system could slip out of compliance 15 days for every 100 days. At $22,000/day 
the potential annual fine is approximately $818,400 (Fig. 22). 
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$ Loss to Society, 236 g/1 



Figure 22 Taguchi loss function. 


In contrast, a waterborne system is available at lower capital cost that contains 
36 g/1 of a VOC and solvent content standard deviation is cr = 3 g/1. The probability 
of non-compliance with the 1.5er process drift is 

P{x > 160} = 1 - P{z < (160 - 36)/4.5} 

= 1 - P{z < 27.556} 

= 1 - 0(27.556) 

= 1 — 1.0 (table value) = 0.0, or no chance. 

Thus, the potential annual fine for a waterborne masking system is $0. Assume that 
the maskant supplier, or the resin supplier mistakenly creates a batch of maskant 
with 50 g/1 VOC or HAP 

P{x > 160} = 1 - P{z < (160 - 50)/4.5} 

= 1- P{z< 24.4444} 

= 1 - 0(24.4444) 

= 1 — 1.0 (table value) = 0.0, or no chance. 

A Taguchi Loss Function example can be developed from the information 
provided. The federal fine for exceeding emission limits is $22,000/day for each 
day of non-compliance. Then rearrange Eq. (11) 

k = $22, 000/[(74) 2 + (120) 2 ] = 1.11 

The theoretical loss to society, for the best solvent collection system is 
SLoss = 1.1 1[(60) 2 + (110) 2 ] = $17, 427/day 
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The theoretical loss to society for a competing waterborne maskant, relative to the 
solvent collection system becomes 

$Loss = 1.1 1[(4.5) 2 + (36) 2 ] = $1, 461 /day. 

Where possible, the compliant maskant system is a better choice. New zero VOC 
waterborne maskants will enter the market in 1999, reducing the loss to society 
to $0. 


4 TOOLING 

Tools for chemical milling may consist of a simple scribing template, or may be a 
group of tools and sample pieces consisting of a Drill Template, Chem-Mill 
Template, Router Block, Sample Part #1 and Sample Part #2. 

A typical sheet metal fabrication process includes forming, heat treat and age 
followed by chemical milling, chemical processing and paint. A Drill Template 
is applied to the formed part after heat treat and age. The Drill Template locates 
the reference holes (tooling holes) necessary for proper location of the Chem-Mill 
Template and the Router Block 5 . The Chem-Mill Template is located on the part 
contour with tooling pins that are inserted into the holes located by the Drill 
Template. After Chemical Milling, the Router Block is located on the part contour 
by pinning the Router Block into the holes located by the Drill Template. Sample 
Part #1 is a reference part that is formed to contour and has notations of all final 
part features engraved in the part surface. Sample Part #2 is a reference part that 
has been produced with the Drill Template, Chem-Mill Template and Router Block 
and inspected to confirm that part produced by the tools conform to blueprint 
requirements. 

Tooling materials are dictated by part fabrication requirements. Flat parts can 
be produced with tools fabricated from fiberglass or sheet metal (aluminum or steel). 
Sheet metal tools are typically used when the part to be fabricated is flat. The tools 
can be cut on a laser or water -jet machine at minimal labor cost. Flat tool fabrication 
is a relatively simple matter if the chem-mill geometry is available in electronic form. 
Fiberglass tools may also be used for flat parts, but tool fabrication cost is somewhat 
higher. The advantage of fiberglass as a tool material is that the tool can be easily 
modified. Metal tools are typically scrapped and replaced. In general, sheet metal 
is used as fabrication tools for flat parts, and fiberglass is used as fabrication tools 
for parts with contour. 

The location and geometry for chemically milled features are generally trans- 
ferred from a master model of the part in a lofting 6 operation, however loft data 
in electronic form will greatly accelerate the process. 


5 When possible the Drill Template and Routing Functions are combined into one tool. 

6 In ship building a loft is constructed above the keel and hull surface points are scaled off a model of the 
hull and transferred via plumb lines and levels and measuring instruments to define points on the hull 
surface. 
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Undercut Ratio = ( 13 ) 

Depth of Cut 

Figure 23 Chem-mill undercut ratio, or etch factor. 


Chem-mill Templates are used to locate the scribe line relative to some ref- 
erence point. An important distinction here is that the scribe tool defines the 
Chem-Mill Scribe Line, or Chem-Mill Template Line (CMTL). After etching, 
the Chem-Mill Line (CML) remains. It is the chem-mill line that must be located 
correctly relative to a reference point (Fig. 23). 

Tool-makers must accommodate two phenomenon know as Chem-Mill 
Undercut, and Chem-Mill Set-Back (Fig. 24). Undercut is analogous to the cutter 
offsets employed by programmers of numerical control machines. Set-Back is unique 
to chemical milling. 


4.1 Chem-Mill Undercut and Undercut Ratio 

Chemical etchants etch beneath the maskant, parallel to the substrate surface simul- 
taneously with the etching action normal to the substrate surface. The rate of sim- 
ultaneous etching parallel and normal to the substrate surface usually is note 
equivalent (Ref. Fig. 23). Chem-Mill Undercut is typical defined as a ratio such that 
the tool-maker need only multiply the undercut ratio by the depth of cut to calculate 
the necessary tool offset. 

Design Engineers may require that some chemically milled features are located 
accurately. For example, chemical milling may be used to create a recessed area for 
an overlapping part (Figs. 25-27), or to create boss areas for fasteners or bulkhead 
pass-through holes (Fig. 28). Land areas located between chemically milled pockets 
must be very close to the target dimension to insure proper edge distance for rivet 
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Figure 24 Chem-mill set-back. 



Initial Thickness (Tl) - Final Thickness (T2) 
Figure 25 Chem-mill pocket recess. 


holes. For example, a tool-maker must construct a chem-mill template that will pro- 
duce a chem-mill line located 1 in. from two reference points (Figs. 25 and 26); 
chem-mill pocket (Fig. 27) 2.0 in. wide, and in an adjacent part area a 2.0 in. wide 
chem-mill land (Fig. 28). The Undercut Ratio, or Etch Factor for the material 
is 1.5, and the depth of cut is 0.070 in. 

• Tool Dimension for Line, Left Ref. Point (Fig. 25): 

1 — (0.070)(1.5) = 0.9in. from reference point, i.e. CMTL must be 0.9 in. from 
reference to produce CML 1.0 in. from reference. 
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Figure 26 Chem-mill pocket recess, right reference point. 



(W1 - W2) 

Undercut Ratio = (15) 

2(T1 -T2) 


Figure 27 Chem-mill pocket. 


• Tool Dimension for Line, Right Ref. Point (Fig. 26): 

1 + (0.070)(1.5) =1.11 in. 

• Tool Dimension for the Pocket: 

2 — (2)(0.070)(1.5) = 1.79 in. 

• Tool Dimension for the Land: 

2 + (2)(0.070)(1.5) = 2.21in. 

Chemically milled features that do not meet the target, or nominal, blueprint 
dimensions could make the part heavier than necessary, and could perhaps create 
a geometrical stress riser that could cause premature fatigue failure. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 


Aluminum Chemical Milling 


1197 



J L 


Figure 28 Chem-mill land. 


4.2 Chem-Mill Set-Back 

Chem-Mill Set-Back applies to multi-cut parts only. Chem-Mill Set-Back occurs 
between joining pockets of different cut depths. Once maskant is removed from 
an area adjacent to a previous cut, etching occurs on all surfaces (Fig. 24). The initial 
chem-mill line will move relative to a fixed reference point, but not as far as undercut. 
The accepted rule of thumb is that set-back is 1 /3 of the depth of cut for the remain- 
ing pocket, however this heuristic is not entirely correct. Chemical milling is area 
sensitive. If the initial or previous cut is shallow (20 mils or less), there will be little 
or no set-back. If the initial cut depth is 50% of the joining cut, set-back is the mul- 
tiple of 0.8 and the depth of the joining cut. If the initial cut depth is 100% of 
the joining cut the set-back is the multiple of 1.2 and the depth of the joining cut. 
Assume a tool-maker must construct a tool that will locate the first cut CML 1 in. 
from the reference point, and the Cut 2 CML 2 in. from the reference point (Fig. 
24). The undercut ratio for the material is 1.0; Cut 1 depth is 60 mm, Cut 2 depth 
is 70 mm, and the ratio is ~ 1.0. Then the CMTLs must be located accordingly: 

• CMTL Cut 2: 2 - (0.07)(1.0) = 1.93 in. from reference 

• CMTL Cut 1: 1 - (0.06)(1.0) - (0.07)(1.2) = 0.86in. from reference. 


4.3 Area Rules in Chemical Milling 

Chemical milling is a convenient manufacturing technique for reducing the weight of 
complex sheet metal forms. Without chemical milling, aircraft such as the North 
American XB-70 Valkyrie or Boeing’s 747 would have been more difficult to 
fabricate, and perhaps hopelessly overweight. As a weight reduction technique, 
designers tend to position chem-mill pockets in every available space without regard 
to pocket size. Unfortunately, large variations in pocket sizes will result in large 
variations in finished pocket depth (Fig. 29). 
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Figure 29 Chem-mill pocket differential. 


For example, if a pocket of approximately 2 in 2 area is adjacent to a 48 in 2 
pocket and both pockets are the same cut, the finished dimensions will differ by 
as much as 10 mils. Therefore, a relevant design heuristic is to minimize variation 
of pocket size for a particular cut, e.g. no pocket within a particular cut number 
should have area twice as great as any other pocket. Also, part designers should 
minimize the number of cuts while maximizing the cut depths. This heuristic will 
serve to limit finished dimension variations to approximately 4 mils, reduce finished 
part weight and simplify all tooling (Fig. 30). 


4.4 Calculating Cut Removals 

In addition to calculating undercut offsets, set-backs and sizing scribing templates 
according, tool-makers must also determine the actual removals for each chem-mill 
cuts Part blueprints will show the finished dimension for each pocket, i.e. the final 
thickness of each chemically milled pocket for a complete part. The finish dimensions 
must be converted into removals for the chem-mill operator (Fig. 31). Finish 
dimensions are converted to removals for a simple multi-cut part (Table 5). 

Chemical milling simultaneously from multiple surfaces, or Double Cut, 
requires special considerations (Fig. 32). Finish dimensions are converted to 
removals for a simple multi-cut part with removals from opposing surfaces (Table 6). 

Double cut areas will eventually confuse both tool-makers and chem-mill 
operators. The problem is inconsistency in part dimensioning practice. Part 
dimensions on the blueprint may appear relative to either the substrate stock 
thickness, or relative to the finish dimension in the double cut area. The tool-maker 
must pay close attention to the finish dimensions and their locations relative to other 
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Figure 30 Pocket change order to correct pocket depth differential. 



0.032 


Figure 31 Cut removal calculations, 4-Cut part. 

cuts on the opposite side of the part. For example, if the part designer had instead 
indicated a finish dimension of 105 mils for Cut # 6, and a finish dimension of 
140 for Cut # 5, (Fig. 33) then all cuts are be calculated (Table 7 and 8). 


5 ETCHANTS FOR ALUMINUM CHEMICAL MILLING 

Aluminum is amphoteric, i.e. it is soluble in both acids and bases. Acid based alumi- 
num etchants are used for aluminum cleaning operations, but seldom used for chemi- 
cal milling operations. Acid etchants produce slow etch rates and leave a rough 
surface (Table 9). 

The most widely used aluminum etchants are alkaline based with sodium 
hydroxide as the most popular alkali [1]. 
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Table 5 

Removal Calculation, 4-Cut Part (Fig. 31) 



Cut 

Stock 

Thickness 

(mil) 

Finish 

Dimension 

(mil) 

Delta 

Double 

Cut 

Delta — 
Previous 
Cuts 

Removal 

(mil) 

4 

100 

71 

29 



29 

3 


60 

40 

40 

-29 

11 

2 


45 

55 

55 

-29-11 

15 

1 


32 

68 

68 

-29-11-15 

13 



Stock 


Finish 

Check 

Thickness 


Dimension 

Cut 

(mil) 

Removals 

(mil) 


1 

100 

13 + 15+11+29 

32 

2 


15+11+29 

45 

3 


11+29 

60 

4 


29 

71 



{double cut) 

Figure 32 Double cut. 


Table 6 Removal Calculation, Double Cut (Fig. 32) 


Cut 

Stock 

Thickness 

(mil) 

Finish 

Dimension 

(mil) 

Delta 

Double 

Cut 

Delta — 
Previous 
Cuts 

Removal 

(mil) 

2 

160 

40 

120 

yes 

120- 2(40) 

40 

1 


80 

80 


80-40 

40 


Stock 


Finish 




Check 

Thickness 


Dimension 




Cut 

(mil) 

Removals 

(mil) 




1 

160 

40 + 40 

80 




2 


40 + 40 

40 
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Double Cut, Cut 5 & Cut 6 



Figure 33 Double cuts and dimensioning practice. 


Aluminum etchant may consist of only sodium hydroxide and water, but most 
always include additives for improvement of surface finish, chem-mill radius, or fillet 
and other process attributes. There have been no extensive studies to define the 
chemical mechanisms of etching, or metal dissolution, however the process is 
thought to be a electrochemical reaction similar to the accepted description of gen- 
eral corrosion [13]. Hence, aluminum goes into solution at cathodic areas while 
anodic areas of the part emit electrons and reduce water to hydrogen and hydroxides. 
Current densities of 10 x 10 -10 A/cm 2 have been measured [13]. The cathodic and 
anodic surfaces must be approximately equal and moving rapidly about the part 
surface to produce an even etch. The generally accepted reaction in aluminum chemi- 
cal milling is [1] 

2H 2 0 + 2NaOH + 2A1 2NaA10 2 + 3H 2 f (16) 

As the aerospace industry began wide use of the chemical milling process there 
were a variety of solution formulae developed for various aluminum alloys (Table 
10). As the process evolved the number of etchant formulae have been reduced 
to two general etchant formulas. For special applications and/or alloys various 
etchant constituents have been used [14] (Table 11). 

There are chemical milling operations that use only sodium hydroxide and 
water as an aluminum etchant. Such etchants produce a rough surface finish 
and may therefore be followed by a shot peening operation. It is left to the user 
to determine if savings in chemical costs justifies additional post-etch processing, 
and if their customer base would agree to such a process. Additions of scrap alumi- 
num and additives such as sodium polysulfide will improve process output. In gen- 
eral the industry has moved to create etchants that produce fine surface finishes, 
thus eliminating post-etch processes such as shot peening. 

The wide variety of solutions has been reduced to two basic solution formulas 
that are applicable to virtually all aluminum alloys with little modification required. 
(Ref. Table 10) 
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Table 9 Aluminum Chemical Milling Solutions, Acid Based 

Constituent 

Range 

Temperature (°F) 

Hydrochloric Acid 

2-3 N 

7045, 85 

Aluminum Chloride 

50-80 g/1 

2024, 115 

Hydrofluoric Acid 

22-75 g/1 


Hydrochloric Acid 

26-42 g/1 


Nitric Acid 

111-300 g/1 

85-120 

Acetic Acid 

as required 


Oxalic Acid 

0-0.8 g/1 


Chromic Acid 

30-53 g/1 


Sulfuric Acid 

165-225 g/1 

90-175 


Table 10 Alkaline Aluminum Chemical Milling Solutions 



Aluminum Alloy, Series 


Etchant Constituents 

2000 

6000 

7000 

Sodium Hydroxide, g/1 

136-280 

136-280 

136-280 

Sodium Gluconate, g/1 

0.3-3 

0.3-3 

0.3-3 

Sulfur, g/1 

7-8 

7-8 

7-8 

*Sodium Sulfide, g/1 

8-9 

8-9 

8-9 

“Triethanolamine, g/1 

20-60 

20-60 

20-60 

* Sodium Poly sulfide (Turco #3) 

51-77 

51-77 

51-77 

Temperature, °F 

160-225 

160-225 

160-225 

Etch Rate, mils /min /surface 


Range for all: 0. 5-3.0 



Type II Etchants 

Table 11 Special Application Alkaline Etchant Additives 

Constituent 

Range 

Sodium Sulfide, g/1 

4-190 

Sodium Meta-aluminate, g/1 

120-240 

Potassium Chromate, g/1 

30 

Sulfur, g/1 

4-11 

Sorbitol, g/1 

2 

Tributyl phosphate, g/1 

0.8-1 

Carboxymethyl cellulose, g/1 

4 

Wyandotte Ferlon, g/1 

0.8-1 

Thiourea, g/1 

1-2 


Type I aluminum etchants have a cost advantage over the Type II etchant. Both 
etchant types are available as propriety formulas from chemical suppliers such 
as Turco Products, Inc. The etchant supplier will provide general operating par- 
ameters to insure good process results (Fig. 34). 
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N2 


Figure 34 Typical graph of optimum etchant chemistry ranges. 


Additives such as sulfur, or sodium sulfide are included in the etchant formula 
to improve on chemical milling characteristics. Characteristics such as undercut, 
chem-mill fillet smoothness, surface finish and pocket dishing are all attributes 
directly related to the etchant. Sulfur, or a form of sulfur is added to both Type 
I and Type II etchant to promote good surface finish. The sulfur precipitates zinc 
and copper alloying elements from solution and prevents the metals from plating 
back onto the substrate aluminum substrate surface, a phenomenon known as sec- 
ondary masking. Triethanolamine, added to Type II etchants, is present to promote 
smooth fillets and to reduce /control chem-mill undercut. Ethylenediamine- 
tetraacetic acid (EDTA) is also a useful chelating agent that can influence chem-mill 
fillet quality. 

Etchant operation typically proceeds from etchant make-up to eventual dis- 
posal of spent etchant. Aluminum etchants begin to produce poor surface finish 
and fillet quality as dissolved metal content reaches 60-70 g/1. 

Control of the etchant is accomplished by simple titration. A sample of etchant 
is prepared and titrated with 1 Normal sulfuric acid. The first titration end-point is 
pH 11.3 (Fig. 35). The volume of titer represents that amount of free sodium 
hydroxide in solution, or A). The second titration end-point is pH 8.2. The volume 
of titer needed to go from pH 11.3 to pH 8.2 represents the dissolved metal in 
solution, or N 2 - 

Additions of sodium hydroxide, and decisions regarding the dump point of 
aluminum etchant is based on the titration results. Etchant N i and N 2 should be 
maintained as prescribed in the technical bulletin provided by the etchant supplier. 
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Neutralization of free sodium hydroxide 
(2NaOH + H 2 S0 4 -► Na,SO^ + 2H ; 0 



N,=V l 

Ni V, - V, = Vj 


Figure 35 Etchant control. 


Addition of other etchant constituents is dependent upon how the etchant is 
operated. The traditional technique for Type II etchant, for example, is to operate 
the etchant until /V 2 is in the range of 14-17, (or 60-75 g/1 of dissolved aluminum), 
then dump the etchant and replace. All additives are added at etchant makeup 
and only water and sodium hydroxide are added thereafter. Other techniques include 
saving a portion of the spent etchant for the next etchant makeup to increase 
dissolved metal content in the new etchant. Regeneration of spent etchant to remove 
metals and recovery of sodium hydroxide and additives. In the latter techniques the 
user will follow analytical techniques supplied by the etchant supplier, or etchant 
regeneration equipment supplier to determine the timing and quantity if additive 
additions. 

Spent etchant may convert from sodium aluminate to sodium hydroxide plus a 
mixture of aluminum hydroxide and aluminum oxide [1] 

NaA10 2 + 2H 2 0 -> Al(OH) 3 + NaOH (17) 

NaA10 2 + 4H 2 0 -> A1 2 0 3 • 3H 2 0 + 2NaOH (18) 

These reactions describe the mechanism by which sodium hydroxide can be 
recovered while separating the aluminum in solution. The process described by Eqs. 
(17) and (18) is used by aluminum manufacturers to purify bauxite. 

There are undesirable effects of the chemical milling etchant chemistry (Fig. 
36). 

• Channeling is most often observed in titanium chemical milling, however if it 
occurs in aluminum chemical milling it is caused by part /pocket position during 
etching; low etchant temperature, or low N\. 
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Overhang 




Dishing 




Ridging 



Fillet Notch 


Figure 36 Pocket defects. 


• Overhang is caused by excessive triethanolamine concentration, or in come cases 
excessive dissolved metal in solution. 

• Dishing results from excessive metal in solution, and excessive sodium hydroxide. 

• Ridging in the fillet is caused in part by the orientation of the part during milling; 
hydrogen gas entrapment which can create flow-lines; poor desmutting practice 7 , 
or low N\. 

• Rough, mottled, or “orange peel” surface is caused by “secondary masking”, or 
redeposition of zinc and copper alloying elements back onto the aluminum 
surface. Secondary masking occurs at low sulfur levels, and/or when Nj reaches 
a range of 14-17 (in the absence of etchant regeneration). 

• Fillet Notch is the result of excessive scribe knife pressure. 

Complete reformulation of either Type I or Type II is seldom necessary. For a 
particular manufacturing situation, revision, or modification of an etchant may 
be necessary. Factorial design of experiment represents the best and quickest method 
for etchant development. Factorial designs are the correct choice by definition [15]: 

• “A factorial design experiment is arranged to study the effect on some observable 
quantity (the response) of varying two or more factors, such as process tempera- 
ture and source of raw material. A series of values or levels of each factor is 
selected and certain combinations of the levels of all factors is tested. The objec- 
tive of a factorial experiment is to measure the change in response when changing 


7 For deep cuts (< 50 mm), and for all 7000 Series Aluminium etch and ddesmutting after 10 mm and 
desmutting for a few minutes will prevent ridging and pitting in the fillet. 
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Factors 

(-) 

Levels 

(+) 



Units 


A. Sodium Hydroxide. 

10 

9/1 

30 

B. Sodium Sulfide 

IS 

g/i 

40 

C. Triethanolamine 

9 

mi/I 

25 

D. Etch Temperature 

190 

F 

210 



Measured Response 

Surface 
Finish, Ra 

Undercut 

Ratio 

Line 

Quality 

A. 

B, 

C. 

D. 

- 

- 

- 

- 





- 

- 

+ 




- 

+ 

- 

+ 




+ 


- 

- 




- 

- 


+ 




+■ 

- 


- 




- 

+ 

+ 

- 





+ 


-f 





Figure 37 Etchant development test plan. 


the level of some process factors while hold all other process factors constant. 
Such changes in the response are called the main effects of the factors and inter- 
action effects between the factors.” 

• “Definition of a Mixture Experiment — An experiment in which the response is 
assumed to depend only on the relative proportions of the ingredients present 
in the mixture, not the amount of the mixture. In a mixture experiment if 
the total amount is held constant and the value of the response changes when 
changes are made in the relative proportions of those ingredients that make 
up the mixture, then the behavior of the response is said to be a measure of 
the joint blending property of the ingredients of the mixture.” 

In general etching operations, a volume of etchant is prepared, but is operated 
at varying volumes until analysis indicates an addition of sodium hydroxide or water 
is necessary. Therefore, a Factorial experiment design is appropriate for etchant 
formulation. Development of chem-mill maskants is a good example of a situation 
where a mixture experiment will provide the best experiment test plan. A typical 
test plant outline for etchant development (Fig. 37). 


5.1 Waste Disposal 

As the total dissolved metal content (Ab) reaches 14-17, or approximately 70 g/1, the 
quality of surface and fillet produced by the etchant will diminish rapidly (in the 
absence of etchant regeneration). Spent aluminum etchants can be handled in a var- 
iety of ways depending on the resources available. 
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5.1.1 Neutralization/Waste Haul Out 

If an industrial waste-water treatment facility is on site, spent aluminum etchant can 
be neutralized and the resulting sludge de-watered and hauled to landfill. This option 
is not entirely practical because mixing aluminum etchant with acid results in an 
extreme exothermic reaction, and hydrogen sulfide (H 2 S) gas is a noticeable 
by-product. Use of neutralization as an on-site disposal technique would require 
dilution of the etchant with a large volume of water and a fume scrubbing system 
to remove hydrogen sulfide gas. 

Licensed waste handlers with disposal facilities will accept spent aluminum 
etchant. The waste disposal facility may neutralize and de-water the resulting sludge, 
or use the spent etchant to treat acidic wastes. Paying someone else for complete 
waste disposal is probably a more expensive option, plus shipping costs are still 
incurred, and the risk of transporting a hazardous solution over public highways 
remains. For a short term operation, such etching a short run of parts then 
terminating a chemical milling operation, sending spent etchant to a waste handler 
is the more convenient option. 

5.1.2 Etchant Regeneration or Point Source Recovery 

Spent aluminum etchants may be regenerated, i.e. spent etchant rich in sodium 
aluminate may be converted to sodium hydroxide (for reuse) and high quality alumi- 
num trihydroxide that can be sold as a feedstock for other processes. 

Advantages of etchant regeneration include [16]: 

• Resource recovery 

• Waste minimization 

• Pollution control 

• Consistent Dissolved Metal Content (N 2 ) 

• Chemical use reduction (NaOH recovered and reused). 

Etchant regeneration is attractive for chemical milling operations that use large 
volumes of etchant, or where local restrictions on hazardous waste dis- 
posal/transport make hazardous waste reductions imperative. One important 
advantage of etchant regeneration is that consistent etchant chemistry is maintained, 
thus promoting consistent product quality. Etchants that are operated from low to 
high N 2 and then dumped when N 2 exceeds a value of 14-17 produce large variations 
in chem-mill undercut. 

Before selecting a regeneration process it is imperative that all systems and 
techniques are reviewed. Where possible, on-site reviews of operating systems should 
be pursued. Manufacturers of regeneration system should able provide a list of cus- 
tomers and assist with visitation arrangements. Virtually all etchant regeneration 
technologies are Patent protected in some form - they may use a unique membrane 
material or use the optimum water dilution ratio, etc. 

Etchant Regeneration by Dilution 

Diluting spent aluminum etchant with water will precipitate aluminum trihydroxide 
and regenerate sodium hydroxide for reuse in the etchant [17]. 

NaAlCL + 2 FLO -> NaOH + Al(OH) 3 ^ (19) 
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Traditional Recovery Process Scheme 

Surge Tank 


Filtrate Receiver 


A1 

I 


■ . 



Vacuum 


NaOH 



H,0 


Press out 
smut (optional) 



Regenerant 


Al(OH)j 


Figure 38 Etchant regeneration — dilution process. 


Variants of the dilution regeneration process employ a filter press or centrifuge to 
remove smut; special settling tanks and “seeding” compounds (flocculants) to facili- 
tate solutions removal or Al(OH 3 ) quality. Dilution based regeneration processes 
(Fig. 38) work best with Type I aluminum etchant, however there are two 
proprietary dilution systems that are operating with Type II etchants are and 
producing acceptable results. 


Membrane Based (Diffusion Dialysis) Etchant Regeneration 
When two solutions of different concentrations are separated by the right kind of 
membrane, their concentrations change in the direction of becoming equal. Once 
the solution concentration everywhere within the diffusion chamber is same, the 
process stops [18]. The Diffusion Dialysis process employs a unique membrane 
material to separate sodium hydroxide from spent etchant. Purified etchant consist- 
ing of sodium hydroxide, dissolved aluminum and the etchant additives is trans- 
ferred to a crystallization process where aluminum trihydroxide and aluminum 
metal is extracted. The remainder, or “regenerant,” consisting of sodium hydroxide, 
etchant additives and a small amount of dissolved aluminum is transported back to 
the aluminum etchant (Fig. 39) [17]. 

The engineering details of etchant regeneration by diffusion dialysis have been 
worked out by Malek, Incorporated. Malek’s performance claims regarding the 
diffusion dialysis process is that pretreatment of spent etchant by membrane 
simplifies aluminum trihydroxide precipitation and increases yield, i.e. with 
membrane pretreatment 50% of available aluminum is recovered, verses 10% by 
the dilution process. In addition, a large portion of etchant additives such as 
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U 2 0 



Etchant 
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Dialyz.er 


Na 

3H 




I 


NaOH 


A1 


Etch 

lank 



Crystallizer 



+ 


Al(OH 3 ) 

Regenerant 


Figure 39 Etchant regeneration — diffusion dialysis. 


triethanolamine and sodium sulfide are captured in the regenerant and returned to 
the etchant, hence use of additive chemical necessary for chemical milling are 
decreases also. 

Electrodialysis Etchant Regeneration 

Electrodialysis is an electrochemical process that also employs a cation permeable 
membrane. As with diffusion dialysis, electrodialysis involves transport of ions 
through an ion permeable membrane, however electrodialysis includes a motive 
force to speed ion transport through the membrane. The electromotive force is 
the electrical potential between an anode and cathode (Fig. 40) [19], 

As with diffusion dialysis the etchant is pretreated to remove sodium 
hydroxide. The purified etchant is then treated to remove aluminum hydroxide 
and the regenerant consisting of remaining sodium hydroxide, a small amount 
of dissolved aluminum and etchant additives is returned to the process. 

Aluminum etchant regeneration by the electrodialysis process was jointly 
developed by Martin-Marietta and Ionsep Corporation and employs an Ionsep® 
electrochemical cell with proprietary Ionsep® anolyte additives (Fig. 41). Spent 
etchant is introduced into the anolyte compartment where aluminate hydrolyzes 
to form insoluable aluminum hydroxide. Formation of aluminum hydroxide is 
enhanced by electrolysis and by pH control. The free sodium cation crosses the 
membrane to the catholyte where it combines with hydroxide to form sodium 
hydroxide. Other metals such as copper and zinc remain as insoluable metal 
hydroxides in the anolyte compartment. Most of the etchant additives remain in 
the anolyte and are reclaimed in the regenerant that is eventually returned to 
the process. As with diffusion dialysis, small additions of additives to the process 
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NaOH and Additives 



Figure 40 Etchant regeneration — electrodialysis. 



will be necessary as some of the additives are lost with the solids removed by the 
regeneration process. Concentration of sodium hydroxide in the catholyte is con- 
trolled by etchant feedrate into the anolyte, and the potential across the electrodes 
[19]. 

The yields of sodium hydroxide and aluminum trihydroxide are highest with 
electrodialysis, however pH control in the anolyte solution is critical to prevent for- 
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mation of hydrogen sulfide. In practice a fume scrubber would likely be necessary at 
the electrolyzer station (Ref. Fig. 40). 

Etchant Regeneration Summary 

The dilution process requires more floor space and yields less, but uses inexpensive 
components, in relative terms. Diffusion dialysis is a passive form of etchant regen- 
eration relative to Electrodialysis. Electrodialysis is faster and yields more, but 
requires greater energy input. Diffusion dialysis and Electrodialysis systems are 
modular and comprised primarily of plastic components, hence maintenance is 
simplified. 

A complete analysis of all regeneration processes by the end user is necessary to 
insure that all issues of factory floor space requirements, energy use, capacity and 
process yields are carefully evaluated. 

5.1.3 Aluminum Etchant as Feedstock 

An attractive alternative to etchant regeneration is use of spent aluminum chem-mill 
etchant as a feedstock for other processes. For example, if an aluminum chemical 
milling operation is within reasonable distance of an aluminum reduction operation, 
spent aluminum etchant can be used as feedstock for purification of bauxite. Bauxite 
is purified with sodium hydroxide before electrolysis and reduction of aluminum. 
Spent aluminum etchant is rich in sodium hydroxide and can therefore be used 
in the bauxite purification process. Aluminum etchant additives do not influence 
the bauxite purification process, but companies receiving spent etchant will require 
analysis of spent etchant to insure that no undesirable elements reach their process. 

Disposing of spent aluminum etchant as a feedstock eliminates a hazardous 
waste, but shipping costs are still incurred, and the risk of transporting a hazardous 
solution over public highways remains. 


5.2 Quality Issues 

Chem-mill quality issues by Cause and Effect Diagrams (Fig. 42): 

The majority of quality issues in chemical milling center on the etchant and its 
influence on process attributes. Undercut ratio and set-back factors used by 
tool-makers are influenced by etchant constituents, dissolved metal in solution, etch 
temperature and part loading techniques employed by operators. Static tools 
coupled with a dynamic process will cause significant quality problems. In aerospace 
this situation translates into expensive rework in assembly, and parts that may be 
within dimensional tolerance, but heavier than the expected nominal weight. Both 
situations cost the customer in terms of higher product costs, and higher fuel 
expenditures. 

Aerospace Example 

A chemical milling department received a commercial air transport part for 
processing (Fig. 43). 

The chem-mill tool was constructed by the original equipment manufacturer 
and was used directly, however, the undercut ratio used to determine the tool offset 
was sufficiently different from the average process undercut ratio that all chem-mill 
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Figure 42 Quality issues in chemical milling. 
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land areas were undersized. Thus, the entire order of parts was rejected and 
scrapped. Approximate value of the parts at the time the order was scrapped: 
$11,000 Taguchi Loss Function for the Chem-Mill Example. 

Design of Experiment /Taguchi techniques are important tools for improving 
process quality [20]. 

5.2.1 Application of Quality Tools in Chemical Milling 

All parts are inspected following the chemical milling process as required by con- 
tract. Quality measures are: (1) depth of chem-mill cut; (2) absence of burn marks 
or pits caused by etchant leaking through thin spots in the maskant coating; (3) 
surface finish in the chem-mill cut area; (4) location and dimensions of chem-mill 
lines and land areas (Fig. 25—28). Allowable tolerances are established for each par- 
ameter by the engineering drawing. If all measures fall within the allowed tolerance 
the parts are considered to be acceptable for use and are forwarded to the next pro- 
cess for painting and eventual assembly. 

5.2.2 Problems/Quality Deficiencies 

Often, when new scribe tools are released for use in manufacturing, the parts pro- 
duced do not meet allowable tolerances. To correct the problem a tool maker modi- 
fies the scribe tool, effectively changing the undercut ratio, or etch factor. Two 
to four iterations of tool modifications are typically necessary. Holding parts in 
queue while scribe tool modifications are completed and tested causes production 
schedule delays. 

Parts that are within allowable tolerance still cause assembly interference (Fig. 
44). 

To correct the interference problem assembly workers must manually grind 
excess material from the chem-mill pocket. After grinding is complete, the corrosion 
preventive coatings, (conversion coating and paint), must be repaired and the parts 




Figure 44 Part to part interference in chem-mill fillet. 
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reassembled. Part rework that occurs during the aircraft assembly phase is most 
expensive, and has the greatest impact on production and delivery schedules. 
The study efforts for undercut ratio may be organized by the following seven guide- 
lines [21]: 

• Recognition and statement of problem 

• Choice of control factors and levels 

• Selection of the response variable 

• Choice of experimental design 

• Experiment execution 

• Data analysis 

• Conclusions and recommendations. 


5.2.3 Recognition and Statement of Problem 

Chem-mill tank operators will explain that the actual undercut ratio changes as 
metal is dissolved by the etchant. For some alloys, many iterations of tool modi- 
fications are performed to find an undercut ratio that will produce acceptable parts 
throughout the process. The situation forces operating personnel to: 

• Obtain material and test new chem-mill tools. The point estimate of undercut 
ratio generated by the test was not applicable throughout the process. 

• Scrap and replace parts when the target value for undercut ratio is not achieved 
and a chem-mill land width or line location is out of tolerance. 

The following 8 control factors are judged to have an important influence on the 
chem-mill undercut ratio: 

• metal alloy 

• heat treat, or age condition 

• clad coating or bare metal 

• etchant temperature 

• triethanolamine concentration 

• amount of dissolved metal in solution, Ab 

• amount of free sodium hydroxide in solution N i 

• depth of chem-mill cut 

• part load position 

Note that the amount of dissolved metal in solution, /V 2 , and the amount of free 
sodium hydroxide in solution, N\, are continuous variables. 


5.2.4 Control Factor Level Selection 

Levels for the respective control factors are defined on engineering drawings and in 
process specifications. However, the operators may often run the process inside, 
or outside of specified levels to improve process efficiency. Therefore, operating 
levels indicated by the process operators should be used (Table 12). 
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Table 12 Process Control Parameters, Process versus Specification 


Actual Levels Process Spec. 


Control Factors 

(-) 

( + ) 

(-) 

( + ) 

Depth of Cut 

40 

140 

15 

200 

Etch Temperature 

195-205 

210-220 

190 

220 

Free Caustic 

24 

34 

21 

34 

Dissolved Metal 

2 

14 

0 

14 

Load Position 

45 

90 

none 

none 


5.2.5 Quality Tools Application 

Once execution of the experiment is complete, data can be used to develop regression 
models that describe undercut ratio, or any other measured response, in terms of the 
process (Table 13) 

Predicted Undercut Ratio = 8.3429 - 0.04342(DOC) - 0.02062(TEMP) 

- 0.0186(N1) - 0.0589(N2) + 0.002948(POS) + 0.00008816(DOC) 2 
+ 0.000101(DOC x TEMP) 

( 20 ) 

The process regression model is most important as the model can be used by 
chem-mill operators to predict undercut ratio results and control the chem-mill pro- 
cess to achieve a desired outcome. 

Before relying on the regression quality tools such as Residual Plots and 
regression model confirmation via Hypothesis Testing or other quality tool is 
recommended. 

In Sec. 5.1, etchant regeneration is described as a way of controlling etchant 
chemistry such that consistent surface finish, fillet quality and undercut ratio are 
always produced. Certainly, etchant regeneration holds such an advantage, however 
Design of Experiment techniques coupled with development of process regression 
models allows operators to predict undercut ratio and schedule jobs accordingly. 
Hence, aluminum etchant can be operated without etchant regeneration and still 
produce consistent part quality. 

Taguchi Loss Function, Nominal-is-Best — general case for Chemical 
Milling [ 10,22 ]. 

Taguchi’s Loss function can be used to estimate cost reductions realized by using 
quality tools for better process control (Fig. 45). 

Loss to Society, or Enterprise = k[S 2 + (v — m) 2 ] (21) 

where : k — coefficient 

S — Standard Deviation 
v = Target Value 
m — Actual, or Measured Value. 
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target undercut ratio 




Figure 45 Taguchi loss function — costs incurred for failure. 


Some loss is incurred whenever a target undercut ratio is not achieved. Equation (21) 
defines undercut ratio as the quotient of undercut and chem-mill depth of cut. Hence 
when a target undercut ratio is not achieved, labor hours must be expended to correct 
the chem-mill undercut. Therefore, for the Loss Function example, the cost to repair 
chem-mill undercut is estimated. Undercut is calculated by rearranging Eq. (13), 
(Ref. Fig. 23). 

UC = UCR x DOC (22) 


Assembly interference can result when the target undercut ratio value is not 
achieved (Ref. Fig. 44). Parts such as the one depicted are not generally scrapped 
because the chem-mill line location is within the allowed ± 0.03 in. tolerance. 
Instead, the parts are reworked to eliminate the interference. 

For the general case of the Taguchi Loss Function, only the rework cost be 
considered, i.e. the loss function estimates the cost of rework per part if the problem 
is corrected in the chemical milling department. In reality, if the part is reworked 
during assembly operations there would be additional costs to cover rework of con- 
version coatings and paint repair. 

The Taguchi Loss Function for the Chemical Milling example: 

• From Eq. (21), the coefficient k\ 

k — (Loss)/tolerance 2 (23) 


• Assume the cost to move a chem-mill line is approximately $0.17/ linear in. ( Ref. 
Fig. 45). 
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• An undercut that causes parts to be rejected would be the result of an undercut 
ratio that produces a chem-mill line mislocation of ± 0.03 in. Substituting into 
Eq. (20), the loss ( L) incurred if the chem-mill undercut must be reworked: 
Calculate k 

k = [($0.17/in.)/(0.03 in.) 2 ] = $ 189/in. 3 

• The Mean Square Error estimate of Variance (S/jcr 2 ) of undercut ratio from the 
quadratic model for undercut ratio [20] (Ref. Table 12). Sucr 2 includes the 
effects of systematic and instrument error observed in the gage repeatability 
and reproducibility study. Note that undercut ratio is without units, therefore, 
Sucr and (v - m) are also without units. Substituting into Eq. (21), the loss/part 
is: 


Loss/part = k[SucR 2 + (v — m) 2 ] 

from Eq. (23), k = $189/ in 3 , therefore 

= $1 89/in 3 [S UCR 2 + 0 - mf] 

- S/in 3 

• The Loss/part is expressed as a volume (in 3 ). As defined in Eq. (23), undercut is 
directly proportional to undercut ratio. Chem-mill undercut defines the location 
of the chem-mill line, if the line is mislocated the chemical milling operator 
or its customer must incur the cost to manually grind away a volume of metal 
to correct the chem-mill line location and pocket radius (Ref. Fig. 4). 

The total cost, or loss/part is directly proportional to the volume of metal that 
must be removed, which, is the multiple of the target undercut less the actual 
undercut (AUC); the depth of cut, and the length of chem-mill line, or the perimeter 
of all chem-mill pockets on the part. An expression for the volume of metal that 
must be removed due to incorrect undercut ratio is 


VM — (AUC)(DOC)(Pocket Perimeter) 


(24) 


For the aircraft part (Ref. Fig. 44) AUC = 0.03 in.; DOC = 0.05 in., and the part has 

731 linear in. of chem-mill lines. Then, substituting into Eq. (24) 

VM = (0.03 in.)(0.05 in.)(731 in.) = 1.1 in 3 

• Modifying the Taguchi Loss Function, Eq. (21), by multiplying by Eq. (24) pro- 
duces a new expression for the loss /part: 

Loss/part = ( VM )/c[.S \ k r^ + (v - m) 2 ] (25) 

• For the aircraft part (Ref. Fig. 44) the actual undercut ratio achieved (y) was 1.8, 
the target value (m) was 1.2. S/jcr 2 = 0.01324 (Ref. Table 12). The coefficient k 
from Eq. (25), k = $189/in 3 , and from Eq. (23), VM= 1.1 in 3 . Substituting 
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Chem-Mill Undercut Ratio 
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Figure 46 Response surface chart — chem-mill undercut ratio. 



N, = Dissolved Metal Content 


all values into Eq. (25) produces an estimate of the loss/part due to incorrect 
undercut ratio. 

Loss/part = (1.1 z« 3 )($189//« 3 )[0.01324) + (1.8 - 1.2) 2 ] 

= $77. 60/part 

• If the target value for undercut ratio is achieved within 1.5 sigma (Motorola uses 
this factor as a rule of thumb to account for typical shifts and drifts of process 
averages), [12], then the loss per part due to process shifts is: 

Loss/part = (FM)A:[(2.385)(5 , ucr) 2 ] 

Loss/part = (1.1 in 3 )($189/in 3 )[(2.385)(0.01324)] 

= $6. 56/part 


Net savings = $77.60 — $6.56 = $71. 04/part. 

Use of quality tools in chemical milling can generate substantial savings. Pro- 
cess Data could by presented to operators by Response Surface Charts (Fig. 46), 
or perhaps process procedure cards. Process Procedure Cards could be created 
by part number and a program written to use operator input to determine and dis- 
play ideal operating conditions for parts with critical pocket, line, or land dimensions 
(Fig. 47). 
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6 MATERIAL SELECTION FOR TANKS AND PART RACKING 

Type II aluminum etchants are popular due to surface finish and etch rate 
improvements. The typical scenario for introduction of Type II etchant in the aero- 
space industry was to drain the Type I etchant, and then prepare and use the Type 
II etchant in existing process tanks. Some time later, failure of the process tank 
occurred. Large cracks appeared at the weld seams. The tanks could not be repaired 
and severe schedule delays were incurred. 

The materials selected must resist the corrosive effects of specific solution used 
for aluminum chemical milling. Chemical milling operation typically employ Type I 
or Type II Aluminum Etchants, a Desmutter or Deoxidizer and rinse water. The 
materials selected for tanks and work racks are acceptable for both etchant types, 
but requirements for Type II aluminum etchants will be studied in detail. 

Type II aluminum etchants consist of sodium hydroxide triethanolamine, 
sodium polysulfide and the remainder is water, (chlorine content varies by location). 
Operating temperatures are 190°F to 225°F. Normal etch rate on aluminum is 
0.001-0.003 in/min. Occasional splashing that occurs during solution preparation 
may expose the tank material to 50% sodium hydroxide at ambient temperature. 

Desmut or deoxidize solutions may consist of nitric acid and sodium 
dichromate, or a mix of nitric and hydrofluoric acid. Small amounts of sodium dic- 
hromate or hydrofluoric acid may produce brighter parts, due to environmental 
and safety concerns, both compounds are generally avoided where possible. A typi- 
cal desmutting solution for aluminum chemical milling is equal volumes of water 
and 42°Be' Nitric Acid. Desmutting solutions are used at ambient temperature. 

Process tanks are welded structures specified with water-tight welds. Process 
tanks are normally constructed at small fabrication shops that possess limited fab- 
rication and welding capability. Therefore, the materials selected must be compatible 
with conventional welding techniques, i.e. electric arc “stick” welding, or inert gas 
arc welding. The process tank must support and contain chemical processing 
solutions. Loads will be uniform, increasing from tank rim to tank bottom. Impact 
loading may occur should an operator drop a process basket. The material selected 
must resist abrasion as operators frequently scrape the tank walls with process 
baskets. 

Candidate materials for tanks and work racks frequently exposed to the alumi- 
num etchant are those low in carbon, manganese, and sulfur, but higher in 
chromium, copper, nickel and molybdenum. Sodium hydroxide is considered as 
the primary corrosive constituent. As noted. Type II etchant also contain 
triethanolamine and sodium sodium polysulfide (some etchant formulas substitute 
sodium sulfide for sodium polysulfide). In low concentrations neither the amine 
or the sulfide appear as important as sodium hydroxide in the corrosion mechanism 
[23]. It is possible that at least two and perhaps all etchant constituents interact 
to produce higher corrosion rates. For example, corrosion resistance tables suggest 
a uniform corrosion rate of stainless steel in a 15% hot caustic solution of less than 
0.02 in. per year [24]. Actual uniform corrosion rates measured in an aluminum etch 
tank are greater than 0.04 in. /yr, but did not exceed 0.05 in. /yr. Determining the 
relative affects of the etchant constituents on tank and work rack materials could 
be accomplished by design of experiment techniques. Such efforts are better 
expended on improving quality of aluminum chemical milling. Instead, a formula 
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for determination of tank lining degradation can be derived and maintenance or tank 
replacement schedules can be developed around tank degradation predictions. 

6.1 Etch Tank Service Life Estimation 

Calculation example: 316 stainless steel plate, removed from tank lining material is 
tested in Type II aluminum etchant. The etchant is 20-30% sodium hydroxide 
and is operated at 215°F. The apparent density of the sample is 0.287 lb/in 3 . Test 
specimen dimensions (Fig. 48) are / = 5.906 in.; w— 1.505 in.; ? = 0.251 in. Initial 
sample mass is 284.2297 g, and final sample mass (after etching) = 269.6042 g. 

dM = 284.2297 - 269.6042 = 14.6255g. 
ds = dM/[2p(yz + xz + xy)\ 

ds = 1 4.6255 /[2(0.2872)(1 .505)(0.25 1) + (5.906)(0.251) + (5.906)(1 .505)] 
ds = 0.005203 in.[(Kg/1000g)(2.204) lb/Kg)/ lb/in.] 

At = 31 days/278 manufacturing days (days is in use) = 0.112yrs. 

.'. etch rate = 0.047 in.yr. 

Error estimation : Sds/ds = SdM/dM + SA/A 

SdM/dM = (0.005 g/ 14.6255 g) = 0.000319 

SA\/A\ = (0.05 in./1.505 in.) + (0.002 in./0.251 in.) = 0.0411 

SA2/A2 = (0.05/5.906) + (0.002/0.251) = 0.0164 

5A3/A3 = (0.05/5.906) + (0.05/1.505) = 0.0416 

.'. 5A/A = 0.0991 

Sds/ds = 0.000319 + 0.0991 = 0.09942 

Sds = (0.09942)* = (0.09942)(0.005203 in.) = 0.0005173 in. 

.'. cietch rate = (0.0005 173 in.)/0. 112 yr. = 0.005 in. /yr. 


Z 



Figure 48 Tank lining test specimen — plate stock. 
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Figure 49 Tank lining test specimen — tubing. 


The estimated etch rate of tank lining material is 0.047 in. ± 0.005 in. If 3/8 in. 316 
stainless steel plate stock is used for tank construction then operators should plan 
for relining or lining repair in 6th or 7th year of operation. Annual measurement 
of tank lining thickness by ultrasonic techniques is recommended, particularly near 
heat exchange devices. 

Tubing may also be used as sample material (Fig. 49). Equations for tubing are 
as follows: 

ds — dM /[p(2nh(R + r) + 2n(R 2 + r 2 )] (28) 

Error is again, from Eq. (23): 
dds/ds — SdM/dM + 8 A/ A 

SdM/dM = 5M1+ 8 Ml (29) 

8A/A = [8h/h + (( 8R + 8r)/R + r)] + (28R/R + 2 8r/r) 

Although tubing may be used as sample material, experience in the aerospace indus- 
try indicates that the apparent etch rate is approximately 72% greater. It could be 
that tubing samples were of welded tubing, hence the heat effected zone caused 
an etch rate greater than that observed on plate stock. Hence, tubing is not a good 
test specimen material for the tank lining, but is a good choice if tubing is used 
for any in-tank piping. The best specimen for tank linings is material cut directly 
from the material used for tank construction, lining or repair. 
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The affects of the etchant constituents are considered separately. For Type II 
aluminum etchants the candidate materials for tank and work rack fabrication 
are plain carbon steels, high strength low alloy steels, and chrome /nickel based 
alloys. 

6.2 Materials for Etch Tank Construction 

6.2.1 Plain Carbon Steels 

Corrosion resistance is sufficient in low temperatures, as demonstrated by years of 
reliable service with Type I etchants. As temperature and sodium hydroxide con- 
centrations increase mild steel structures are subject to stress corrosion cracking 
(SCC) in the weld joint heat effected zone (HAZ) [25]. This phenomenon has been 
observed in mild steel process tanks used in the aerospace industry. Post weld stress 
relief of the tank may alleviate SCC in weld joints, but stress relief of most large 
tank structures is impractical. Vibratory stress relief techniques may be useful 
for large tanks. 

Stress relief coupled with a reduction in etchant operating temperature to less 
than 200°F could make carbon steel an acceptable choice, however reducing etchant 
temperature will also reduce etch rate and process output. Therefore, mild steels are 
not a good choice for this process application. 

6.2.2 Low Alloy, or Weathering Steels 

Weathering steels provide improved atmospheric corrosion resistance, but show no 
significant improvement in corrosion resistance in immersion service [25]. 

6.2.3 Ferritic Stainless Steels 

Ferritic stainless steels should not be considered due to carbon content. Chromium 
carbides that precipitate in weld HAZ can result in SCC when the material is exposed 
to hot sodium hydroxide solutions [26]. 

6.2.4 Austenitic Stainless Steels 

Types 304 and 316 are acceptable for use in hot sodium hydroxide solutions to tem- 
peratures of 250°F. SCC remains a concern with austenitic stainless steels. Type 
304 tanks used in the aerospace industry exhibited evidence of SCC in the weld HAZ, 
and intergranular corrosion in the weld fill area. Rapid corrosion occurs in the HAZ 
adjacent to the weld deposit due to chromium carbide precipitates. Corrosion of 
Type 304 can be minimized by using 304L (low carbon, 0.03-0.08%), and use of 
preferential carbide formers such as Tantalum or Columbium. Tantalum or 
Columbium will prevent formation of chromium carbides at the grain boundries, 
thus the chrome content in the HAZ is not depleted and intergranular corrosion 
is prevented. 

6.2.5 High Nickel Alloys and Super Alloys 

Nickel 200 and 201, Hastelloy® grades and Inconels are excellent choices. The nickel 
based alloys provide unsurpassed resistance to corrosion by hot sodium hydroxide 
solutions [27]. Unfortunately, when the cost of Inconel 625 is compared to Type 
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304L Stainless Steel the high nickel steels are approximately 5-6 times more expens- 
ive that austenitic stainless steels. Use of the high nickel alloys is considered cost 
prohibitive. 

Use of Type 304L Stainless Steel is considered the best material choice for tank 
construction. Use of Columbium stabilized welding rods, or wire, (e.g. Type 308 or 
347 stainless steel) [28] will minimize the possibility of SCC and intergranular 
corrosion. Plain carbon steel, AISI grades 1005-1008 can be used for exterior tank 
structure. To prevent galvanic corrosion or crevice crack corrosion all carbon steel 
must be covered with a stainless steel drip shields. The shields should be attached 
by continuous weldment, or tack welded and caulked as appropriate for a water-tight 
barrier. 

An often selected alternative is to construct the tank of low carbon steel and 
then insert a 304L stainless steel “drop-in” liner. A liner is undesirable because 

• Should water leak between the liner and tank shell a galvanic cell will exist. 
Stainless steels are cathodic and mild steel is anodic when coupled by a corrosion 
media [29], thus the tank shell will eventually sustain corrosion damage. 

• Fabricating liners within a tank is difficult, particularly around tank outlets. 
Material distortion of thin gage liners is a problem, which will likely result 
in liner failure, and the beginning of a corrosion problem. 


6.3 Materials for Desmutting Tank 

6.3.1 Austenitic Stainless Steels 

Austenitic Stainless Steels provide excellent corrosion protection from nitric acid 
solutions. Austenitic grades such as 304 are not recommended for hydrofluoric acid 
service when hydrofluoric acid concentration is less than 70%. Therefore, direct 
and continuous contact of austenitic stainless steels with the desmut solution is 
not recommended. 

6.3.2 Hastelloy® 

Hatelloy® C-276 provides acceptable corrosion resistance to both nitric and 
hydrofluoric acids, and it can be fabricated by common welding techniques. 
Flastelloy® resists formation of grain boundary precipitates in the weld HAZ, how- 
ever the high cost of high nickel alloys is prohibitive for large tank structures. 


6.4 Tank Lining Materials 

Tank lining material are used in many chemical processing applications. Liner types 
range from “bag” to drop-in liners. Bag liners are identical in form to the rubber 
liners used in swimming pools, and drop-in liners are fabricated from rigid plastic 
sheet materials and dropped into the tank shell. Bag liners are a poor choice as they 
are easily punctured and abraded. Drop-in liners provide more reliable service if 
the liner fits correctly. For all tank liner types, failure means extended process line 
down-time while tank contents are removed and linings and tank shells are repaired. 
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6.4.1 Polyvinyl Chlorides 

Rigid PVC sheets or Koroseal® are acceptable materials. Both materials may be 
used to fabricate drop-in liners. Operating experience in the aerospace industry 
has demonstrated that both materials, rigid PVC in particular, fail frequently 
(approximately once per year) resulting in tank shell damage. Koroseal is flexible 
and can be bonded to a metal tank shell [30]. Bonded liners conform to surface 
undulations. Koroseal liners have excellent abrasion resistance, which will limit 
damage caused by a wayward process basket. When damage to the tank shell does 
occur, the bonded lining will flex with the steel tank shell and retain the process 
solution. Tank shell damage incurred due to pinholes leaks, lining abrasions, etc. 
will be localized as process solutions cannot easily propagate behind a bonded liner 
as it could if the liner type were a drop-in or bag liner. 

6.4.2 Elastomers 

Elastomeric lining material can also be bonded directly to the steel tank shell. 
Elastomers must be vulcanized after bonding; steam is used to vulcanize the 
elastomer. Butyl Rubber is a candidate elastomeric material for Nitric/EIF 
desmutting solutions used at ambient temperatures. 

6.4.3 Polyvinyl Choride (Kynar): Polyvinylidene Fluoride (Kynar®) 

Kynar®, or PVDF provides excellent chemical resistance to both nitric and 
hydrofluoric acids. Kynar is the best choice for temperatures up to 284° F, however 
Kynar is 6 times more expensive than Koroseal. For desmutting, which is performed 
at ambient temperature, Kynar is cost prohibitive. 

6.4.4 Fiberglass Reinforced Plastic (FRP) 

FRP structures are excellent alternatives to rubber lined steel tanks [31] for special 
applications such as high etch temperatures or high concentrations of 
nitric /hydrofluoric acid. For tank volumes about 3000 gal FRP structures become 
difficult to fabricate. The relative costs of FRP tanks are twice that of mild steel 
and 1.3 times that of stainless steel. 

Conclusions; Best choice is a 304L stainless steel tank shell with carbon steel 
exterior support structure. Do not use hydrofluoric acid as a constituent in the 
desmutting solution. Hydrofluoric acid in an aluminum desmutting solution will 
make part “brighter”. But aside from value, use of hydrofluoric acid will add nothing 
to the overall process. 


6.5 Fume Scrubbers 

Fume scrubbers for aluminum chemical milling with acid desmutting can be con- 
ventional packed or cross-flow water wash scrubbers with pH control. Stainless steel, 
PVC or polypropylene are ideal materials for fume scrubber construction. Slot ven- 
tilation at the tank rim is adequate for fume control, provided tank width does 
not exceed 4-5 ft. For wider tanks the user must consider additional adjacent 
ventilation, passive surface cover such as floating plastic balls, or active tank covers. 
For large etch tanks (10 ft wide or greater) slot ventilation at the tank rim in con- 
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junction with active tank covers a vented hood that surrounds the crane. The com- 
bination of ventilation techniques allows for minimal ventilation while the tank 
cover is closed and maximum ventilation when the tank is in use. 


6.6 Maskant Tank Materials 

6.6.1 Solvent-Based Maskants 

Carbon steel is sufficient for tank construction. 

6.6.2 Waterborne Maskants 

Stainless steel, 304L, is an excellent material for mask tank construction. Plain 
carbon steels cannot be used for direct continuous contact with waterborne 
maskants due to oxidation problems. 

Plain carbon steel lined with polypropylene (bonded to the steel tank wall) is an 
acceptable alternative to stainless steel. Plain carbon steel structure supporting a 
polypropylene tank is also acceptable for large tanks. If the required tank volume 
is only 1000 gal or less, then a tank constructed completely of polypropylene should 
be considered. Tank suppliers can provide assistence with proper material selection. 


7 PROCESS ORGANIZATION 

Chemical milling includes 5 distinct steps that naturally migrate to clean, mask, 
scribe, etch and demask, which are generally located in one facility. Process flow 
may be straight line, or be arranged in a “U” shape depending upon the building 
configuration, number of shipping docks, etc. 

Queuing for the process should be arranged such that one part queue is main- 
tained in the scribing area. In reality, there will also be a queue area in masking 
and etching. The masking and etching queues should be considered as secondary 
and minimized to the greatest extent possible. Assuming the masking operation 
is an automated immersion or spray system, the scribing operation will be the most 
labor intensive. Second most labor intensive is part basket loading and etching. 

Automation of the etching operation has been attempted at many facilities with 
varying degrees of success. Automated etch lines tend to maximize output of simple 
chem-mill part configurations while complicating the process for parts that include 
chemically milled tapers. A typical etch line automation plan arranges etch, rinse, 
desmut and final rinse in order. Producing a chemically milled taper requires a hoist 
remain stationary over the etch tank as it is used to raise and lower the part. Auto- 
mation plans (Fig. 50) would stop all etch line work while a taper is produced 8 . 

The etch line configuration (Fig. 51) allows for automation and for special 
work to be processed at one end of the etch line while general work is completed 
at the other end. 


8 Alternative schemes such as using high volume pumps and a holding tank to pump etchant to and from 
the tank, or using a lift to raise and lower the tank are feasible, but many times more complicated 
and costly. 
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Work Flow »»» 


Figure 50 Typical etch line automation planning. 



Figure 51 Flexible etch line automation. 


8 PROCESS POTENTIAL 

The primary use of chemical milling in the aerospace industry is for removing 
unneeded material from sheet metal parts. The same condition exists with machined 
parts. The thickness of machined webs is limited by cutter deflection and machine 
tool vibration, hence webs must remain heavier than is actually necessary. The aero- 
space industry has invested enormous amounts of money in new high speed 
machining technologies that allow fast machine feedrates without machine tool 
vibration, and allow production of thinner machined webs. Development of high 
speed machining has continued while the industry has essentially ignored the 
achievements of British Aerospace [1] while fabricating machined parts for the 
Concorde supersonic passenger jet. Machine tools of the time were not capable 
of producing the thin web sections necessary, so the parts were machined as far 
as practical, then immersed in chemical milling etchant for an overall stock 
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reduction. Parts produced by this process exhibit improved surface finish after 
etching, and they are ready for non-destructive testing (penetrant inspection) 
without further processing. 

Large removals by etching will generally produce an etch rate differential 
between thin and thick web sections, but this problem can be addressed by designing 
for chemical stock reduction and sizing the web sections accordingly. 

The chemical milling process may eventually find use in the automotive indus- 
try as automobile designers use lighter materials such as aluminum and weight 
savings techniques to reduce automobile weight and fuel consumption. Chemical 
milling, once and perhaps still, popular with race teams, was a technique for stock 
reducing metal car bodies to provide a weight advantage over other race cars [1]. 

As used in aerospace, chemical milling does not fit the requirements of mass 
production. Cycle times for liquid maskant application and manual scribing are pro- 
hibitive in mass production settings. Developing maskant products that apply in a 
fashion similar to that of adhesive tapes, with pre-cut pockets or other features 
would speed maskant application and eliminate scribing. Parts could remain on orig- 
inal conveyance through masking, etching and demasking. A “mass production” 
chemical milling process would be analogous to automotive painting operations. 
For now, chemical milling is used primarily for aerospace applications. 


APPENDIX A 

Derivation of Equations (1) and (2) 

1 . The relation used to generate Appendix A, Fig. 52 is derived from Table 1 4: 



0 20 40 60 80 100 120 140 160 180 

Time, Days 

Figure 52 Mask age versus time (hrs) reconstruction of maskant versus time relationship. 
(Courtesy of R. G. Werkema.) 
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fin) — 580077/6000. The relation is used as follows: 

/ (6000) = 5800(6000)/6000 = 5800, 

/(5800) = 5800(5 800)/6000 = 5606.7, 

/(5606.7) = 5800(5606.7)/6000 = 5419.8, etc. 

The relation cannot be defined as a numerical sequence as in) is not an 
integer value in most cases. However, suppose fin) were a numerical 
sequence. The graph of Appendix I, Fig. 1 depicts a function that 
approaches infinity while converging on zero (0). Taking the limit of fin) 
as ( n ) goes to infinity: 

lim fin) — lim 5800«/6000 / 0 

n — >OQ 77->00 

Thus, the original relation, when defined as a sequence describes a function 
that is divergent, i.e. the function does not converge on any real number 
value. Therefore, the relation is not a correct description of Appendix 
A, Fig. 52. 

2. The relation fin) can be rearranged to lit the definition of a numerical 
sequence. 

2.1 fin) : 

/ (6000) = 5800(60001/6000 = 5800, 

/(5800) = 5800(58001/6000 = 5606.7, 
y (5606.7) = 5800(58001/6000 = 5419.8, etc. 

2.2 fin) redefined as /(f) : 

let fit) = [6000(5800/6000)'] 

where it) equals time (days) and all positive integers greater than zero 
(0), i.e. it = 0,1, 2, 3, 4,5, ... n). 

fit) /for = 6000/f = 0, 5800/f = 1, 5606.7/? = 2, 5419.6/? = 3, ... 

A limit test demonstrates that fit) is convergent, and converges on 
zero (0). 

lim 6000(5800/6000) = 0 
t o o 

Therefore, the function fit) converges to zero as it) approaches 
infinity. Thus, the function fit) adequately describes the graph of 
Appendix A, Fig. 52. 

3. A plot of function//) is (Fig. 53): 

Careful substitution for fi t) reveals a common form of a frequently used 
differential equation. 
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Figure 53 Mask volume versus time (days). 

3.1 Let fit) — G r , gallons remaining 

Constant, C = 6000 gallon constant tank volume 
a — 5800/6000, ratio of maskant usage 
G r — 6000(29/ 30) r = C(a)' 

by definition of the natural exponential function 

Ce x = G r = C(af 
let x — In G, = In (a)' 

then e x — (a) 1 (constants eliminated) 
because by definition 


In e x — x 

<? lnv = x; then substituting for x, 

e \n(a), = {a ^ and 

e tln (fl) = (, of 

substituting the new expression for (, a)‘ into G' r produces 


G r = Ce an(a) 
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which is 


G r = 6000e rln(5800/6000) 

where In (5800/6000)= -3.39 x 10" 2 day" 1 
G r = 6000 e ( " 3 - 39 £ " 2) ' 
let k= -3.39 x 10" 2 day" 1 

=$> G r = 6000/0 

3.2 Application of the definition of the natural exponential function pro- 
vides a new expression for the mask versus time relation. The new 
expression for G r is continuous for all (t) greater than or equal to 
zero (0), and it converges to zero as (t) approaches infinity. The 
expression is a common form of the, “Law of Natural Decay” [9]. 

3.3 A much easier approach is direct application of the Law of Natural 
Decay: 

3.3.1 The rate at which the original maskant is removed from the 
tank with respect to time is proportional to the quantity of 
the original maskant present in the tank at a given instant, i.e. 


dGr/dt — kH r 


where: dG r = rate at which the original tank volume diminishes. 

dt = change, or rate of change of time (days) 

k — coefficient of mask usage 

G r — gallons of original mask remaining 

dG t l G r = kdt 

f dG t l G r — fk dt 

In \G T \—kt+C 

Gr = e kt e c = e {k,+C) 

when t = 0, G r = 6000, e kl = 1 
then 6000 = e c 
therefore G r = 6000 e kt . 

If maskant is used at a rate of 200 gal per day, then when t = 1 , G r must 
equal 5800 gal: 


6000 - 200 = 6000c (1) 

5800/6000 = e k 
In(5800/6000) = k 
-3.39 x 10" 2 =k 

which is the same coefficient derived in paragraph 3.1. 
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3.4 As demonstrated, direct application of the Law of Natural Decay 
produces an expression for mask time in tank. However, the technique 
fails to demonstrate that logic used to generate Appendix A, Fig. 52 
and 53 is in fact correct. 


Continuity and Asymptote Testing of Equation 1 

1. Test the expression G r = 6000 e kt for continuity and asymptotes. A conver- 
gence test of the expression was completed in Appendix A, paragraph 2.2. 

1 . 1 Continuity Test: A function is said to be continuous at the number ( t) 
if and only if the following three conditions are satisfied. 

(a) fit) exists 

(b) lim^, f(x) exists 

(c) lim x ., fix) — ./( / ) 

Let fit) — G r , when t = 0, the volume of the original tank charge must 
equal the constant tank volume, i.e. at t — 0, the entire tank must 
be filled with new maskant. 

(a) fit) — fi 0) = 6000 e* (0) — 6000, thus fit) does exist. 

(b) Let fit) —fix) 

lim x ^ ( f(x) — lim x ^, 6000 e kx ; t = 0 

lim x -^o 6000 e k{0) = 6000, thus the limit does exist. 

(c) Summary, from parts 1.1(a) and 1.1(b): (1) ft) exists and equals 
6000; (2) the limit of fix) as x approaches zero (0) exists and is 
equal to ft). Therefore, the expression for gallons remaining, 
G r , is continuous for all it). 

2. The line y — b is said to be a horizontal asymptote of the graph of the func- 
tion (G r ) if at least one of the following statements is true. 

Let G r = fit) 

(a) lim^+oc ft) — b, and for some number N, 

if it) is greater than N, then ft) does not equal (b). 

(b) lim x _>_ 00 fit) — b, and for some number N, 

if it) is greater than N, then fi t) does not equal (b). 

Therefore: 

(a) lim^+oc .ft) — lim v ^ +00 6000 e kt ; for k— —3.39 x 10 -2 day” 1 
lim A -^ +0O 6000 e~ kt — \im x ^ +00 6000/e*' = 0 
As it) becomes large, the ratio of (G r ) 6000 /e*' converges to zero (Fig. 54). 

Since the limit of fit) is zero as (t) approaches infinity ( + oo ),/(/) = G r = 0 is a 
horizontal asymptote. Thus, as it) becomes large, G r converges on zero, but never 
actually equals zero. 
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Figure 54 Mask volume versus time (days), continuous function. 


Derivations of Equations (2), (3) and (4) 

Definition, Impeller Cycles: The number of times the original tank charge of 
maskant, or some remnant thereof, passes through a mixing impeller. 

1. A production mask tank contains 6000 gal of maskant. To simplify 
equation derivation, assume that a single large impeller is used to mix 
and circulate the maskant. The unit of time considered is one 24-hour day, 
manipulated as necessary. 

1 . 1 Assume the pumping rate of the mixing impeller is 6000 gal /min. The 
impeller must be stopped for each part immersion cycle to prevent loss 
of parts from part racks. Assume that immersion cycles occur every 
9.5 min and the transfer time of part racks into the lowering device, 
or hoist, is 1 min. Thus, six immersion cycles occur each hour, 
and the entire tank volume is mixed six time each hour, or 36,000 
gallons of mask is pumped per hour. 

(36,000)(16)[gal*hr/hr*day] = 5.76 x 10 5 gal/day 

Ci =(5.76 x 10 5 /6000){gal*cycles/day*gal] = 96 cycles/day 

Therefore, the entire mask tank volume will be cycled through the 
mixing impeller 96 times each day. Since the volume of the original 
mask declines relative to time, the number of impeller cycles to which 
the original mask is subjected will decline at the same rate. 

1.2 The number of impeller cycles may be expressed as the ratio of orig- 
inal mask remaining to the total volume of mask, multiplied by 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



1238 


Griffin 


the number of impeller cycles occurring each day, e.g. after day one of 
operation, 5800 gallons of original mask remain: 

( 5800 / 6000)( 96 cycles/day) = 92.8 cycles/day. 

Thus, at the end of day one, the original mask is cycled approximately 
93 times/day. 


7 C = Qe kl = 96/'[cycle/day] 


( 2 ) 


where I c = Impeller Cycles, rate for original tank charge at any time 
(t), cycles/day. 

Ci = Average number of impeller cycles occurring each day, for 
the entire tank volume, cycles/day. Impeller Cycles per 
unit time 

t = time, days 

k = coefficient of mask usage, day -1 . 

for 7 C = 92.8 cycles/day 

k = ln(92. 8/96) = -3.39 x 10 -2 

1.3 An equation for estimation of the number of impeller cycles which 
will have occurred at any time is obtained by integration of Eq. (2). 


dl c /dt = Ci e kt 

J dl c — J Ci e ki dt 

= Ci [ e kl dt 

Jo 

= Ci(e*7*)lo 

= Cj (e k, /k - e m /k) 
= C\(e kt /K - 1 /k) 

= Ci/K(e k ‘ - 1) 

= Ci(e kl - 1 )/k 


( 3 ) 


Equation (3) is an expression for the number of impeller cycles to 
which the original mask will be subjected at any time (t). 

1.4 The maximum number of impeller cycles experienced by the original 
mask during its tank life may be estimated by integration of Eq. 
(4) with limits zero to infinity (oo). 

Cm — £ C\e k 'dt, improper integral 
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let b — the upper limit of the integral, as b approaches infinity (oo). 


lira f 

b^-ooj o 


C\e k, dt — lim C\ 

b—>o o 


pb 

/ e kl - 

Jo 


dt 


— Ci lim(e«/A)|* 

b — >-oo 

= Cl lim (e kb /k-e m /k) 

b — > oo 

= Ci lim (e kh /k — 1 / k ) 

b—>o o 


= Ci lim (e kh /k) — Ci lim (1/A:) 

b — > oo b — > cxd 

where Ci lim/,^ 00 (e t6 /A:) = 0, by L’Hopital’s Rule, 
then / cm = 0 - Ci lim^ 00 (l/A') = -Ci/A 
therefore. 


/ cm = — Cj/A[cycles * day/day] 

1.4.1 Application of L’Hopital’s Rule [9]: 
lim C x e kh /k = 0 

b — > oo 

since the limit converges to zero as ( b ) increases to infinity, 
apply L’Hopital’s Rule, i.e. take the derivative of e kh Ik. 

= 3 - Ci lim ke kh /k = Ci lim e kh — 0, 


for 


k = -3.39 x KT 2 day-‘. 

Since the subject limit equals zero, all that remains in the 
derivation of Eq. (4) is ( — 1/A'), multiplied by the constant 
number of impeller cycles per day, as is shown in para. 1.4. 

Assumptions: 

• The use of mixers will promote a homogeneous mixture of maskant. Mixers, 
capable of moving large volumes at low pressure, can thoroughly mix /blend 
maskant from the initial tank charge with new maskant added to maintain a 
constant fluid level in the tank. 

• By estimating the total number of impeller cycles to which maskant will be sub- 
jected, one can estimate the length of time the original tank charge of maskant 
will be resident in the maskant tank. These estimates can then be used to establish 
an appropriate mask stability test period /apparatus by the maskant vendor. 

Test Apparatus (Fig. 55): 

Experiment Set Up: 

• Place a 3.5 1 Griffin beaker in a black colored laboratory sink (for color contrast). 

• Fill the beaker to over flow (4.95 1 capacity when completely full), then insert 
mixer. 
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Water source, represents 



Figure 55 Test apparatus. 


• Set mixer speed at 300 RPM for minimal vortex. Mixer rotational speed selection 
is dependent upon impeller diameter and type. For this experiment apparatus a 
Lightnin’ Labmaster mixer with a 3.4 in. diameter A310 impeller was selected. 
The 3.4 in. A310 has a pumping capacity of 28 gal/min (gpm) at 300 RPM. 

• Add 50 ml of AC JW4-87 waterborne scribe line sealer, or other colorant, to 
create opaque white color, (AC JW4-87 Line Sealer was selected because it 
was within reach — white colored latex paint would have been a good choice 
too — select any colorant that provides good contrast with the background color). 

• Measure flow rate from faucet at beginning and end of test run and used the 
average flow rate for calculations. 

Execution: 

1. The experiment apparatus was assembled and water flow rate from the faucet 
determined. The faucet flow was directed into the full beaker of opaque white 
colored solution. A timer was started as water from the faucet entered the 
beaker. As time elapsed the following observations were noted: (a) the color 
of the solution remained uniform, no stratification occurred as is typical when 
cold water runs into a container and the intent is to displaced whatever is in 
the container; (b) condensate formed on the sides of the beaker, which com- 
plicates determination of when the original solution is completely displaced from 
the beaker. 
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2. Results: 

• Water flow rate from the faucet was 0.366 gpm. 

• At 26 min elapsed time distortion created by the beaker glass and condensate 
on the glass surface began to obscure the contrast between the black colored 
lab sink and the solution in the beaker. Therefore the viewing position was 
changed to directly over the beaker, such that one could view the sink 
bottom. Distortion was minimal in the new viewing position. 

• At 3 1 min the solution appeared completely clear and the run was stopped. A 
replicate experiment was set up and executed. 

• In the replicate experiment the opaque white color seemed to dissipate 
between 30 and 34 min Allowing the water to run through 41 min elapsed 
time did not seem to make the solution in the beaker any clearer, therefore 
the experiment run was terminated. The experiment data indicates that with 
a 0.366 gpm flow rate into the beaker, virtually all of the original solution 
resident in the beaker had been displaced in approximately 28-34 min. 

3. Calculations /Estimates: 

3.1 System Information: 

Flow Rate (Usage Rate) from Faucet: 1.385 1/min 

Volume of container /tank: 4.95 1 

Pumping Capacity of Mixer: 28 gpm (106 1/min) 

Coefficient of Use: k = In[(4.95 1 - 1.385 l/min)/4.95 1] 

= -0.328 min” 1 

3.2 Mixing Cycles: C\ — total pumping capacity (gal/day)/tank volume 

(gal /cycle) 

Ci = cycles /day 

=>■ Ci = 106/4.95 [litres*cycle/litres*min] 

= 21.41 cycles/min 

/cm — —C/k (4) 

where 7 cm = Impeller Cycles, maximum 

7 cm = —(21.41)/ — 0.328 [cycles*min/min] 

= 65.27 total cycles. 

3.3 Estimate of maskant time in tank (Note: time base converted to 
minutes): 


7 ct = C,(e kl - 1 )/k (3) 

where 7 C = Impeller Cycles, rate for original tank charge at any time 
(7), cycles /minute. 

Ci = Average number of impeller cycles occurring each day, for 
the entire tank volume, cycles/minute. 

? = time, minutes 

k — coefficient of mask usage, min” 1 
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To estimate time in tank, substitute 7 cm for 7 ct in Eq. (3), and solve for 

( 0 . 


65.27 = 2\A\(ekt — \)/k 
65.27(k)/21.41 = ekt - 1 
(65.27(k)/21.41) + 1 = ekt 
ln[(65.27(k)/21.41) + \] = kt 
t = (ln[(65.27(k)/21.41) + l])/k 
f = (ln[(65.27(— 0.328) /21 .41) + 1]/ - 0.328) 

[cycles * min * min/cycles * min] 

t = 29.3 min 


The estimate for maskant “time in tank”, and the results from the 
experiment, given the stated opportunities for experiment error, 
are virtually the same. Therefore, it is concluded that the underlying 
assumptions, or hypothesis about the mixer based tank design are 
correct. 

4. Discussion regarding the mathematical estimate of Impeller Cycles ( 7 cm and 
7 ct ) and Time in Tank, ( t ). 

4.1 Equation (3) is asymptotic like Eq (2) from which Eq. (3) is derived. A 
proof will not be attempted here, but a chart of Eq. (3) with the par- 
ameters outlined in para. 3 demonstrates the situation sufficiently: 

Impeller Cycles where k — —0.328, Cl = 21.41 (Fig. 56) 

The chart demonstrates that possible solutions for Eq. (3) fall between 
21 min elapsed time and infinity (oo). Elowever, a review of 7 ct 
calculations, which are the basis for the chart indicate the best 
estimate, or at least and adequate estimate, for (t) is between 25 
and 30 min. 


elapsed time (t) 

7 ct , Impeller Cycles 

5 

52.61 

10 

62.82 

15 

64.8 

20 

65.18 

25 

65.256 

30 

65.271 

35 

65.274 

40 

65.2743 

45 

65.2744 
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Time, Minutes 


Figure 56 Impeller cycles versus time (min). 

4.2 In para. 3, note that estimates for C\ and I cm are carried to 2 decimal 
places. The estimate for (k) is carried to three decimal places. The 
convention for significant digits was ignored for Q and 7 cm estimates. 
However, the estimate for (t) is rounded to the least number of sig- 
nificant digits found in the information defining system parameters. 

4.3 The SOLVE algorithms available with most any scientific calculators 
may also be used to find and estimate for (f), as outlined in para. 
3. SOLVE algorithms require that the equation be re-arranged as 
follows: 


let = C,(e kl - 1 )/k 
0 = [C,(e kl - l)//c]// ct 


The SOLVE algorithm must then find a value for ( t) that makes the 
mathematical statement true. Since computing devices such as a scien- 
tific calculator carry calculations to 8-16 decimal places the solution 
derived by a SOLVE algorithm could be significantly different, i.e. 
larger than the result calculated in para. 3. Based on the chart, 
the answer derived by a SOLVE algorithm would be correct such that 
it makes the mathematical statement, 0 = [Q(e kl — 1 )/k]/I ct true. 
However, in a practical sense, the solution for (t) derived by the 
SOLVE algorithm is not the answer. For example, the observations 
described in para. 2, and the calculation outlined in para. 3 provide 
the same answer in practical terms. The SOLVE algorithm available 
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on the authors Hewlett-Packard 15C Scientific Calculator found that 
(t) must equal 71.075 min for the statement 0 = [C\(e kt — 1 )/k\/I ct to 
be true. 

4.4 A suggested practice for those testing maskant stability would be to 
estimate (t) as outlined in para. 3, then apply a safety factor of 3. 
Hence, the stability test would run approximately three times longer 
than would be expected for maskant resident in the production tank. 

APPENDIX B 

Maskant Surface Coverage Calculation and Maskant use Estimation. 

Surface Coverage, Chem-mill Maskants 

Suppliers always report the solids content of a coating as % by weight, and some- 
times they will include solids content as % by volume. To determine the area that 
a particular coating will cover, solids by % weight must be converted to a % by 
volume. Calculation of coating coverage is included as reference for those instances 
when the supplier does not include solids content as % by volume. Note', the unit 
for coating coverage is sqft - mil/gal i.e. the area covered by 1 gal of material, 
dry coating thickness 1 mil, (0.001 in.). 

Solvent maskant may be purchased as a concentrate. As per the supplier’s tech 
data sheet the density is 12.4 lb/gal. However, as per the suppliers technical data 
sheet, 55 gal of maskant must be thinned with 14 gal of perchloroethylene, hence 
the weight of the perchloroethylene must be added; then the new total weight divided 
by the total gallons, mask concentrate plus thinner. 

12.4 lb/gal mask 13.47 lb/gal perc 

x 55 gal 14 gal 

682 lb mask 188.58 lb perc 

682 lb mask 55 gal mask 

+ 188.58 lb perc 14 gal perc 

870.58 lb total 69 gal total 

870.58 lb mask and perc 

/ 9 gal mask and perc 

12.62 lb gal. 

Adding perc to thin the mask concentrate effects the weight solids. Therefore, the 
weight solids must be recalculated. The MSDS sheet reports weight solids of 20%. 
The suppliers technical data sheet reports a weight solids of 25% before thinning. 
Check: 


55 gal mask con. 

12.4 lb/gal 

x 0.25 wt% solids 

170.5 lb solids 
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170.5 lb solids 

/ 870.58 lb mask and perc 

0.2 wt% solids 

Coverage: Coating capability of 1 gal of solvent mask. 

12.62 lb mask 
x 0.2 wt% solids 



2.471 

lb solids 


12.62 

lb mask 

— 

2.471 

lb solids 


10.1461 

lb solvent 

/ 

13.47 

lb perc 

X 

100 



75.32 

vol % perc. (gal) 


1% 



0.7532 

vol. perc solvent 

X 

100 



24.68 

vol % solids 


231 

in(3)/gal 

X 

0.2468 

vol. solids 


57 

in(3 )/ gal. 


0.001 

in. = 1 mil 

X 

144 

in(2)/ft(2) 


0.144 

in ( 3 ) ft ( 2 ) 


57 

in(3)/gal. 

/ 

0.144 i 

in (3)/ft(2) 


396 ft(2)-mil/ gallon 

Thus, the solvent mask covers 396 sqft — mil gal as used. Note, the technical data 
sheet lists coverage as 500 sqft/gal, which, is correct for the concentrate form, 
however, the maskant is thinned before use and therefore covers less area. 

Metal Surface Coated Per Year 

(a) Volume of maskant purchased = 4091 gal 

(b) Volume of perc added to dilute maskant = 1043 gal 

(c) Area, (sq) ft, that 1 gal of solvent mask can cover with a 1 mil thick coating =391 
sqft 

(d) Average film thickness = 15 mil 

(e) Area covered by 1 gal of solvent mask @ 15 mil: 

396 sqft -mil/gal 

/ 15 mil 

26.39 sqft/gal, actual coverage 

4091 gal mask purchased 
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+ 1043 gal perc added 

5135 total mask and perc used 

x 26.39 sq ft/gal, atual coverage 

135,500 sqft metal coated. 


Surface Coverage and Volume Estimate, Waterborne Maskant 

The maskant technical data sheet reports density of 10.1 lb/gal and 615 sqft — mil gal 
coverage, which, is correct if the maskant is maintained at 49.1 wt% solids. 

10 lb /gal mask 
x 0.45 wt% solids 

4.5 lb solids 

10.1 lb/gal mask 

- T5 lb solids 

5.6 lb water/gal mask 

/ 8.34 lb/gal water 

0.6715 vol% water, (gal) 

1% 

- 0.6715 % water 

0.3285 vol % solids 

231 in(3) / gal 

x 0.3285 vol % solids 

75.89 in(3)/gal 

0.001 in. = 1 mil 

x 144 in(2)/ft(2) 

0.144 in(3)/ft(2) 

75.89 in(3 )/ gal 
/ 0.144 in(3)/ft(2) 

527 ft(2) mil/gal 


Cost of Waterborne Maskant 

(a) Metal surface area coated = 135,500 sqft 

(b) Optimum coating thickness = 18 mil 

(c) Waterborne maskant coverage = 527 sqft -mil/gal 

527 sqft mil/gal 
18 mil coating 

/ 29.28 sqft covered by each gallon of maskant with a 18 mil 

thick dry film 

135,500 sqft surface coated 

/ 29.28 sq ft/gal @ 18 mil 

4628 gal of waterborne maskant required. 
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APPENDIX C 

Derivation of tank lining erosion equation. 

1. Derivation of etch rate formula for plate or sheet stock samples. Assume that 
equal amounts of material are removed from all surfaces. The density of sample 
material must be known. The apparent density may be used, or an accepted value 
for the particular alloy may also be used. 

2. The volume of the plate of sheet stock is defined as follows (Ref. Fig. 48) 

V = (x)(y)(z) 

A partial derivative may be used to determine the change in sample volume 
relative to the changes in the samples physical measurements. Thus, the change 
in the sample volume (dV) is defined by 

dV = (dV/d. x)dx ± (dV/)dy + (d V/dz)dz; dV/dx = yz, etc. 

As stated, equal amounts of material are assumed to be removed from all 
surfaces. Thus, a total of six surfaces, two xy, two xz and two yz, are reduced 
by chemical etching. 

Therefore, the equation defining the change in volume becomes 
dV = 2 yzdx + 2 xzdy + 2xydz 

The change in volume (dV) can also be defined as the quotient of the change in 
sample mass (dM) and the material density (p), or 

dV = dM/p 

Since all sample dimensions are changing by an equal distance, let that distance 
be defined as (ds). Thus, 


ds — dx — dy — dz. 


With appropriate substitutions the change in sample volume becomes 
dM/p — 2 yzdx + 2 xzdy ± 2 xydz 
Therefore, 

ds — dM /[2p(yz ± xz ± xy)\. 

The new expression for (ds) describes the change in sample dimensions for each 
surface for a change in sample mass. Elapsed time for the test is At (years), 
then the apparent etch rate is ds/ At. 

3. Error estimation: error in etch rate calculation is estimated by adding all error 
associated with sample dimension measurement and mass measurement. Bal- 
ance scale accuracy is ±1.0 mg for 0-10 g, ±1.5 mg for 10-100 g and ±2.5 
mg for 100-1000 g. Caliper accuracy is ±0.002 in. and dial indicator accuracy 
is ±0.002 in. The unitless ratio of error in etch distance (dds) and the distance 
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calculated (ds) is 

dds/ds — 8dM /dM + 8 A/ A 
where 

dM/dM = error in mass measurement 

8A/A— cumulative error in measurements for determination of surface area 

8dM = 8M\ + 8M 2 

= (0.0025 + 0.0025)g 
8dM = 0.005g 

8A/A = 8Ai/A x + 8A 2 /A 2 + 8A3/A3 
where, 

8 A ! ] A 1 = (0.05)/w + (0.002)/?* 

8A2IA2 = <51/1 + 8t/t = (0.05)/ 1 + (0.002)/? 

8A3/A3 — <51/1 + 8 w/w — (0.05)/l + (0.05)/vr. 
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1 INTRODUCTION 

One of the main driving forces for the use of conventional powder metallurgy (P / M ) 
in many materials, such as iron, is to reduce fabrication costs through near net shape 
processing. Aluminum P/M is typically driven by different forces, since alternative 
low cost fabrication techniques are available and result in P / M being more expensive 
[1], Often with aluminum other attributes are being exploited, such as the good 
properties that can be achieved through rapid solidification or adding dispersoids 
to form composites. 

Aluminum powder is readily available, due to its uses in other areas than 
powder metallurgy. Conventional press and sinter processes can be used to make 
parts with all of the advantages and disadvantages of powder metallurgy. A selection 
of these parts is shown in Fig. 1. Elemental powders are used for these materials, 
leading to relatively low costs of material and fabrication. However, properties 
are considerable lower than for wrought or even for cast aluminum alloys. 

Advanced aluminum alloys are designed to incorporate the advantages of rapid 
solidification or mechanical alloying in increasing the alloying elements that can be 
used to form new aluminum alloys. These alloys extend the use of aluminum alloys, 
offering a lighter weight alternative to existing materials in the areas of high 
strength, wear resistance, and high temperature applications. For example, high 
temperature aluminum alloys have been developed that can replace titanium alloys 
in moderate temperature applications in aerospace. Along with the promise of 
greater properties, advanced aluminum alloys are usually more difficult to fabricate 
than conventional alloys. 
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Figure 1 Various aluminum parts produced using conventional press and sinter metallurgy 
techniques. (Photo courtesy of Alcoa.) 


Particulate metal matrix composites based on aluminum are also a significant 
application for aluminum P/M. Aluminum P/M produces near net shape com- 
posites with greater uniformity in the reinforcement distribution and finer 
microstructure size than for other fabrication techniques, leading to significant 
improvements in properties. 

Aluminum P/M has traditionally been a small part of the total P/M market, 
and indeed, a small part of the total aluminum market as well. However, recently 
the automotive and aerospace markets have given aluminum P/M a large boost. 
Aluminum P/M is expected to see a large growth in the next decade. Research 
initiatives are looking at developing improved aluminum P/M alloys and reducing 
the cost and complexity of fabrication. It is an exciting time for aluminum P/M. 


2 APPLICATIONS 

Over 48,000 tons of aluminum powder was shipped in North America in 1998 [2]. 
This tonnage is second only to iron as the largest amount of powder shipped. 
However, of the total tonnage of aluminum shipped, most is unalloyed aluminum 
powders for use in other applications than the production of P/M parts. The amount 
of alloyed aluminum powder used for P/M is rising, but still constitutes only a few 
percent of the total aluminum production. 
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In 1998, 1200 tons of aluminum powder was consumed in P/M applications [2], 
This represents a 82% increase over the previous year. The market is expected to 
grow by more than 20% annually. The market is expected to eventually reach 25,000 
tons per year. Japan has been a leader in the commercialization of aluminum P/M 
[3], 

2.1 Direct Use of Powder 

The majority of aluminum powder is used for the special properties of the powder, 
rather than the final properties of a finished part. The uses are important and diverse, 
but include pyrotechnic uses, pharmaceuticals, chemical processes, and as additives 
to concrete, paint and inks, etc. Aluminum powders are used in steelmaking, as well. 
Aluminum powders are also sometimes used for cladding steel parts and wires [4]. 

The pyrotechnic properties of aluminum are exploited in explosives, rocket 
fuels, fireworks, thermite welding, etc. They significantly increase the heat of the 
explosive transformation of materials and improve their performance [4]. This useful 
property of aluminum powders comes with a concomitant safety concern, which is 
discussed later. 

2.2 Transportation 

Parts made from aluminum alloy powders have the properties associated with alumi- 
num alloys. Some of these properties are low density, corrosion resistance, high 
thermal and electrical conductivity, good machinability and compatibility with a 
number of important finishing treatments [5]. 

This combination of properties is well suited to applications in aerospace. The 
somewhat lower properties of aluminum P/M parts is offset by the ability to produce 
complex net or near net shapes that need minimal or no machining. This makes P/M 
aluminum parts competitive with other fabrication techniques in many applications, 
particularly those that are not the most critical. The current push in aerospace for 
cost reduction favors the increased use of P/M for fabricating aluminum parts. 

There is a strong need for higher temperature aluminum alloys that can chal- 
lenge titanium in moderate temperature aerospace applications. High temperature 
aluminum alloys are being developed that can be rolled into fine gage sheet for 
the construction of honeycomb and sandwich structures [6]. In addition the sheet 
can be formed into shapes for inlet ducts and ducts. 

While aluminum P/M alloys look promising for aerospace applications, the 
problem of cost is still an issue [7]. For short run applications where performance 
is the major driver, such as military applications, aluminum P/M may do well. 
However, in the commercial sector, the lower cost of wrought aluminum will be 
a challenge to overcome. High temperature applications are still a major advantage 
for aluminum P/M. 

One of the areas in which aluminum P/M is expected to grow significantly is 
automotive. The need for light-weight, high performance parts is increasing in 
new car designs. The potential number of parts that would need to be fabricated 
to use in automobile manufacture would dramatically increase the amount of alumi- 
num powder shipped for P/M applications. This is a significant component of the 
expected market increase in the next few years. 
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The need for lighter weight parts is leading to the increased use of aluminum 
P/M to replace ferrous parts made by P/M. These parts are those for which cast 
properties are insufficient, but the cost of wrought parts is prohibitive. Intricate 
moving parts, where mass is most critical and fabrication by other means is 
expensive, are prime components for aluminum P/M. 

An aluminum RSP alloy has been used to replace iron P/M parts in a oil pump 
[8]. The housing is made of an aluminum casting, while the rotor is made from an 
aluminum silicon alloy. The alloy is designed for good wear and seizure resistance. 
A very high hardness alloy must be used in order to provide the necessary properties 
for the part. Vanes and rotors for automotive air conditioner compressors have also 
been developed [9]. Inlet valves and turbocharger compressors are currrently being 
developed [3]. 

General Motors and Chrysler are currently producing aluminum alloy 
camshaft bearing caps for several of their top-of-the-line engines using powder 
metallurgy processing [10]. Other applications are either being developed or talked 
about. 

Another area where aluminum is making in-roads is in replacing forged parts. 
Powder metallurgy preforms for forging give lower waste and higher part properties. 
P/M forgings are finding uses in gears, connecting rods and pistons. 

Composites based on aluminum and fabricated by powder metallurgy rep- 
resent a new and expanding field in aluminum P/M. New composites provide 
the possibility for new areas of aluminum P/M use and higher performance alloys. 


2.3 Other Uses 

Some small room air conditioners use a Al-25Si-Cu-Mg alloy for the rotor of a spiral 
pump [3]. The low thermal expansion, good wear resistance and high bending 
strength of the alloy are put to good use. The rotor is shaped by a direct powder 
forging process. 

Other areas in which aluminum P/M parts may find application include busi- 
ness machines, appliances, electrical and electronic applications, and in military 
ordinance [11]. The combination of near net shape, good corrosion resistance 
and light weight is attractive. However, the acceptance of aluminum P/M in these 
areas is slow. 


3 POWDER PRODUCTION 
3.1 Commercial Atomization 

Nearly all aluminum powder used for the production of light-weight parts is pro- 
duced by inert gas atomization. This technique uses a high-velocity inert gas stream 
to break molten aluminum into very fine particles. The molten particles solidify 
during free fall, typically giving them a spherical shape. The small size of the molten 
droplets combine with the cooling ability of the inert gas to create a very high 
solidification rate. The resultant powders have a high degree of homogenization 
and a fine microstructure. 
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The break up of the molten aluminum is accomplished by injecting the molten 
metal into a stream of inert gas that has been confined in a nozzle. A region of 
low pressure in the nozzle pulls the molten metal into the gas stream, and the molten 
aluminum is broken up in a series of events. 

The powders that are produced in this manner will have a distribution of par- 
ticle sizes that are dependent on a number of processing parameters. Some of 
the most important parameters are the nozzle configuration, gas pressure, gas 
temperature, gas velocity, and temperature of the molten aluminum. The actual 
alloy composition also has an effect on the resultant particle sizes. A small amount 
of oxygen is usually added to the inert gas to passivate the surface of the aluminum 
particles. This adds to the surface oxide layer that is produced during cooling. 

In ordering aluminum alloy powders from a powder supplier, the particle size 
distribution will be important to the processing of the P/M parts. In addition to 
the particle size distribution, other factors, such as particle shape and the thickness 
of the surface oxide will also be important. Most powder suppliers will supply a 
complete characterization of the powder upon request. 

Water atomization is receiving some attention as a method for producing 
aluminum alloy powders [12]. In water atomization the impinging water stream 
cools the molten aluminum and breaks it into small pieces. The result is a rapidly 
cooled (faster than gas atomization) powder of irregular shape. One of the concerns 
with water atomization is oxygen contamination of the powder and the formation 
of hydrated layers by reaction with water. Therefore degassing and drying pro- 
cedures will be necessary to utilize this powder for P/M. Good properties are 
reported for compacts made from these powders [12]. 

Commercial air atomization is a technique for producing low cost aluminum 
powders that are passivated. As implied by the name, air is used as the carrier gas. 
The exposure of the molten aluminum droplets to air results in significant oxygen 
pickup and oxide formation. However, one study has determined that the resulting 
oxide is similar to that produced by inert gas atomization [13]. Commercial air 
atomization produces a shape that is more ligamental than the nearly spherical shape 
of the inert gas atomized powders. 

Gas atomization reaction synthesis (GARS) is a modification of the inert gas 
atomizer [13]. The atomization chamber is evacuated prior to use, and the working 
gas is ultra-pure nitrogen. This results in a spherical powder with a thinner oxide 
film. The oxide film also is cleaner and contains less adsorbed water. The thinner 
oxide layer did not result in an increased safety hazard. It is suggested that this 
powder will allow for simpler processing routes to forming final parts, which would 
greatly reduce the cost of aluminum P/M parts. 


3.2 Rapid Solidification 

The very high cooling rates that a powder particle undergoes during atomization can 
be used to create powders with unique microstructures and compositions. The area 
of rapid solidification processing (RSP) has the potential to produce a large number 
of new alloys for use in aluminum P/M. 
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Table 1 Techniques for Producing RSP Aluminum Powders 


Technique 

Typical Diameter (/im) 

Typical Cooling Rate (°C/sec) 

Gas Atomization 

50-100 

10 2 -10 3 

Water Atomization 

75-200 

10 2 -10 4 

Ultrasonic Atomization 

10-50 

Up to 10 6 

Rotating Electrode Process 
(REP) 

125-200 

10 2 

Rapid Solidification Rate 
(RSR) 

25-80 

10 5 


Source: Ref. 16. 


The effect of RSP on the microstructure is to either refine the structure or to 
produce unique structures, such as amorphous alloys. The secondary dendrite 
arm spacing (SDAS) is drastically reduced by RSP, depending on the actual cooling 
rate [14]. For example, a cooling rate of l°C/sec gives approximately a 70 /. un SDAS, 
while a cooling rate of 1 x 10 6o C/sec should result in a SDAS of 0.7 /un. 

The solid solubility of various alloying elements in aluminum can be 
dramatically increased by RSP [14]. Elements such as Fe, Si, and Cr can be dissolved 
at levels that are up to ten times the equilibrium amount that can be dissolved at high 
temperatures. This allows the design of dispersion strengthened alloys with many 
times the normal amount of strengthening phase. Some of these alloys will be dis- 
cussed later. 

Several methods exist to rapidly solidify aluminum and aluminum alloy 
powders. As mentioned, conventional atomization can be used, but if higher cooling 
rates are desired, then alternate methods must be used. Ultrasonic gas atomization is 
one method that can be used which uses much of the same technology as gas 
atomization [15]. Other techniques for producing RSP aluminum powders are listed 
in Table 1 along with the typical dimensions of the powder particles and the cooling 
rates. 


3.3 Mechanical Alloying 

Once a laboratory curiosity, mechanical alloying (MA) has now become a viable 
method for producing aluminum powders with attributes similar to those discussed 
for RSP. In addition to extended solid solubility and microstructural refinement, 
MA also is very well suited to the production of composite powders. 

Mechanical alloying uses techniques such as ball milling or attritor milling to 
mechanically mix the elemental constituents at temperatures well below their 
melting temperature. Usually a very fine powder is produced with an irregular shape 
and a high degree of chemical homogeneity. Large amounts of alloying elements can 
be solutionized, similar to RSP [17]. Additionally, MA can also produce 
nanocrystalline or amorphous powders [18,19]. One study of Al-Fe-Si-B, found that 
if one of the starting powders was amorphous, then the resulting powder was more 
likely to be amorphous [20], The formation of a supersaturated solution has been 
attributed to the formation of defects by the mechanical deformation [21]. 
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Table 2 Process Control Agents Reported Used in Mechanical Alloying 


Agent 

Amount 

Comments 

Reference 

Ethanol 

0.05 ml/g 26 

Prevents sticking 

26, 17 

Wax 

1.5% 

Micropowder C 

27 

Sodium Stearate 

1.5% 

Carbides and oxides 

28 

Stearic Acid 

N/A 

Carbides and oxides 

25 


One advantage of MA over RSP is in alloying elements with widely different 
melting temperatures. Titanium and other refractory metals can be alloyed by 
MA. However, one study found that MA did not produce as fine a dispersion 
of intermetallics as RSP [22], Another study indicates that although there are 
similarities in the results of the two processes, they achieve similar results through 
different mechanisms [19]. 

Mechanical alloying can be used to alloy aluminum with Ti and dramatically 
reduce the size of the Al 3 Ti particles [23]. Mechanical alloying reduced the particles 
to sub-micron sizes. This is not possible with conventional casting techniques. 

Several specialty alloys have been developed that use the ability of MA to 
produce powder of unique compositions [24,25]. Some of these alloys are non-heat 
treatable dispersion strengthened alloys, while others contain Li to lower density. 
The alloys offer some advantages over existing materials and even were in commer- 
cial production for a time. Market conditions forced the cessation of production, 
however, the viability of the technique was shown. 

A process control agent is often added to reduce sticking of the powder during 
milling, and also to refine the particle size. One study of Al-Fe indicated that using 
ethanol as a process control agent reduces the diffusion rate of the two elements 
into each other [26], Another study used the same agent, wax, for a die wall lubricant 
[27]. Table 2 lists several process control agents that have been reported in the 
literature. 


3.4 Reaction Milling 

The addition of oxygen or carbon to MA powders can result in an in situ reaction 
with reactive elements leading to the formation of fine dispersoids [28]. A double 
MA process has been utilized to produce very fine uniform dispersions of reinforcing 
phases [29]. The elemental powder mix is mechanically alloyed, followed by a heat 
treatment to form the dispersoid. Then it is mechanically alloyed a second time 
to produce the fine dispersion in the aluminum matrix. This resulted in an improve- 
ment in properties over the single MA method. 

In another technique, an exothermic reaction during ball milling between 
aluminum and Fe20 3 resulted in the formation of AlFe and AL0 3 [30]. The milling 
time necessary to produce the reaction was a function of the energy input. The 
reaction resulted in nearly 100% conversion of the material. 

Composites of aluminum alloys and aluminum nitride can be produced in situ 
by cryomilling the alloy powders [31]. Cryomilling is mechanical alloying carried 
out with liquid nitrogen added to the milling chamber. The liquid nitrogen cools 
the powder and increases the fracturing of the alloys, typically decreasing particle 
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size. Some of the nitrogen also is incorporated into the aluminum powder as a 
nitride, typically AIN. The AIN appears to stabilize the fine structure of the powder 
during subsequent thermal processing. 


4 HANDLING OF ALUMINUM POWDERS 

When considering whether to become involved in aluminum powder metallurgy, one 
major consideration is the safety and handling procedures that must be adopted. 
Aluminum powders can be handled safely. However, without attention to proper 
safety and handling procedures, aluminum can be very dangerous. After all, the 
solid fuel rocket boosters on the space shuttle are powered with aluminum. This 
section describes several aspects of the safe handling of aluminum powders. It should 
not be treated as a complete manual for those involved in the business of aluminum 
powder metallurgy, but rather as a primer. Aluminum powder suppliers have a great 
deal of experience with the safe handling of these materials, and are a good source for 
information pertaining to a particular application. 

While aluminum powders can be dangerous, historically, the powder producer 
assumes the greatest risk. There are relatively few reported explosions from 
companies which use aluminum powders in their process [32]. Someone considering 
whether to become involved with aluminum powders should be cautious and informed 
about safe handling procedures, but should not be afraid to become involved. 

4.1 Safety 

Any powdered material which can react or combine with oxygen will have the poten- 
tial to ignite. If the powder particles are fine enough and are dispersed into a dust 
cloud then an explosion could result. The sensitivity to ignition will be dictated 
by many factors, one of which is the ease with which the material combines with 
oxygen. Since aluminum is very reactive in this respect, the powder is generally 
regarded as highly dangerous. 

Data for the degree of explosion hazard is available. Elemental aluminum 
powder and a prealloyed aluminum powder are compared to several other commer- 
cially important metal powders in Table 3. 


Table 3 Data for Various Metal Powders 


Metal 

Powder 

Min. 

Ignition 

Energy 

(mJ) 

Min. 

Explosive 

Concentration 

(g/m 3 ) 

Max. 
Rate of 
Pressure Rise 
(bar/sec) 

Min. 

Ignition 

Temperature 

(°C) 

6 jam A1 

13 

30 

1331 

420 

Al-Ni alloy 

80 

190 

690 

950 

Zinc 

200 

400 

125 

630 

Tin 

80 

190 

117 

630 

Titanium 

15 

45 

759 

375 

Iron 

150 

200 

145 

510 


Source : Ref. 32. 
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The minimum ignition energy, MIE, is an indication of the sensitivity of the 
powder to ignition. The lower the value of MIE, the more precautions must be taken 
to avoid ignition. Values of MIE below 25 mJ indicate a high degree of sensitivity 
and can be ignited by electrostatic charges [33]. Note that both elemental aluminum 
and titanium are below this level. However, the prealloyed aluminum powder is 
above this level, indicating the lower sensitivity to explosion of powders of aluminum 
alloys. 

The minimum explosive concentration determines how much powder needs to 
be in a dust cloud to allow an explosion to occur, if ignited. The maximum rate 
of pressure rise is used for the design of explosion venting. Venting is used to prevent 
the buildup of pressure to the explosive level. 

The minimum ignition temperature is the temperature at which metal dust will 
ignite when laying in a pile. This measure should have little relevance to actual 
practice, since properly handled metal powders should not be allowed to accumulate. 

In addition to these values, the minimum amount of oxygen must be present for 
an explosion to occur. The amount changes with the atmosphere present. In 
nitrogen, at least 9% oxygen must be present [34]. In helium, the number is 10%, 
while in carbon dioxide only 3% is needed to support an explosion. 

Of course, for an explosion to occur, the powder needs to be suspended. In 
other words, a dust cloud needs to be formed. Dust clouds are easy to form with 
small, light-weight powders such as used in aluminum powder metallurgy 
processing. The finer the particle size of the powder, the greater the chance of 
creating a dust cloud and the longer that it will stay suspended. In addition, the 
finer particles require less energy to ignite and create a more powerful explosion. 
In general, aluminum powders greater than 450 microns in diameter pose no hazard, 
while powders greater than 75 microns are difficult to ignite [32,34]. Finally, powders 
below 10 microns are very sensitive and great care must be taken in handling them. 


4.2 Storage and Handling 

Aluminum powder should be stored and handled in such a way as to avoid prolonged 
contact with water. This requirement is due to the reaction between water and 
aluminum, which produces hydrogen gas. This, of course, adds to the hazard of 
using aluminum powder. Other practices which should be adopted for handling 
aluminum powders are similar for any flammable material. Store in appropriate 
containers, keep away from oxidizers and combustible materials. 

There are two areas specific to powder metallurgy operations that need to be 
considered when discussing the safe handling of aluminum powders [34]. First, metal 
powders are typically transferred during processing from one container to another. 
There are several opportunities to create dust clouds during this powder handling. 
Care should be taken to ensure that powder transfers are slow and deliberate. 
Non-sparking implements should be used and the two containers should be attached 
to ground and to each other. 

Second, during mixing of the aluminum powder a dust cloud is created in the 
mixer. It is recommended that inert atmospheres be used for this operation [34]. 
A mixer that reduces the creation of frictional heat is also recommended. 
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Good housekeeping practices are highly recommended for any plant that will 
be using metal powders, especially aluminum powders. Specific methods for cleaning 
up metal powders should be researched and adopted. Guidelines for handling alumi- 
num powders are available from the Aluminum Association [35]. 


5 CONVENTIONAL TECHNOLOGIES 
5.1 Tailoring Powders 

Blending aluminum with other alloying elements, elemental blends, and then con- 
solidating and sintering has many advantages in ease of simplicity of processing 
and lowered cost. The elemental powders typically have a higher compressibility 
than alloyed powders, therefore reducing tool wear, increasing green strength, 
and green density. The alloy would form upon sintering. Using blended master alloys 
similarly offers many cost advantages. While costs may be significantly lower, the 
properties are also lower than that found in other processing routes. Most conven- 
tional aluminum P/M alloys are elemental blends. 

In order to produce an alloy by this technique, it is required that the alloying 
elements have certain important characteristics [36]. Specifically, the elements to 
be alloyed must have a significant solubility in aluminum at the sintering 
temperature, and the diffusion rate in aluminum must be rapid enough that the 
elements can be homogeneously distributed in a reasonable period of time. Many 
common alloying elements in aluminum meet these criteria. Cu, Mg, Zn, and Si 
all have extended solubility and rapid diffusion rates. 

The prealloyed powder route is a way to get higher properties than achievable 
by blending elemental powders. An alloy of the desired composition is melted 
and then typically atomized, although mechanical alloying is another way to produce 
a prealloyed powder. In addition to producing a part that has properties closer to 
wrought, certain aspects of the process can be used to create new alloys with dis- 
tinctly different compositions and properties than wrought. These aspects are 
the extended solid solubility and microstructural refinement that occurs during 
the atomization or mechanical alloying process. 

Elements which do not meet the requirements for blending, can have significant 
solubility during atomization. Elements, such as Fe, Cr, Mn, and Ni have limited 
solubility in aluminum, less than 1%. However solubility levels of 4-6% can be 
achieved during atomization, leading to the use of these alloying elements as 
strengthening agents in alloys which cannot be produced by ingot metallurgy or 
by powder blending. The wear resistant Al-Si and the high temperature alloys based 
on intermetallic dispersoids of Fe are examples of these types of alloys. 

While prealloyed powders offer significant improvements in properties, they 
are more difficult to fabricate due to the higher strengths of the powders. Retaining 
the fine microstructure and the dispersion of hard phases also is complicated by 
the sintering temperatures used for densification. 

Aluminum metal matrix composites can be produced by powder metallurgy. 
Incorporation of reinforcing phases can be accomplished with good uniformity 
and good densities. However, the fabrication becomes more difficult and a large 
number of steps may be required to produce the best properties. This leads to rela- 
tively high costs. 
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The size ratio between the reinforcement particles and the matrix particles can 
significantly effect the sintered strengths of an aluminum matrix composite compact 
[37]. If the reinforcing particles are smaller than the aluminum particles, then they 
will occupy interstitial sites in the aluminum particle structure before pressing. 
The final structure has the reinforcement particles distributed at the prior aluminum 
particles boundaries, which reduces strength considerably. If the particle volume is 
large enough, then the aluminum particles can be kept from making good contact 
and the sintered density can be poor. When the reinforcement size is equal or greater 
than the matrix powder size, then the reinforcements particles will be well dispersed, 
giving the greatest increase in strength. 

Degassing of aluminum prior to consolidation can be performed to improve 
the final properties of the sintered compact. The degassing should be carried out 
at elevated temperatures, in order to fully desorb the water vapor and decompose 
the hydride that forms on the surface [38]. Degassing times and temperature are 
dependent on the desired amount of degassing achieved and the economics of 
the treatment. Complete degassing is very difficult to achieve, even at high tempera- 
tures (550°C) and long times. 

The degassing is carried out in a partial vacuum. Temperatures vary, but a 
range of 200-400°C is effective. Many techniques have been developed to perform 
the degassing. A good discussion of several of these, is contained in reference [39]. 

Degassing has been shown to convert the ductile aluminum hydroxide into a 
brittle form of alumina [40]. Once the hydroxide has been converted, it is stable 
for several days in air, possibly allowing batch degassing to be included in a pro- 
duction process. The brittle alumina is broken during pressing, allowing for a much 
larger number of metal-to-metal contact areas. This results in improved compress- 
ibility and improved strengths after sintering. Green densities and green strengths 
are also improved dramatically by prior degassing, with strength improving by 
greater than 100% [41]. 


5.2 Press and Sinter 

Low cost P/M components are routinely produced with press and sinter processing. 
The low cost is usually offset with lower densities, and hence lower properties. Near 
net shapes can be easily fabricated with the design limitations of the press and sinter 
process. These limitations include a simple shape in the direction of pressing, while 
the part can have a complex shape in the other dimensions. For general information 
on the limitations in the design of press and sintered parts, the reader if referred to 
the Powder Metallurgy Design Manual, published by MPIF [42]. Tolerances that 
can be achieved in press and sintering of aluminum are quite good. As-sintered 
dimensional tolerance is 0.051 mm, while the as-sized tolerance is 0.013 mm [42]. 

As in most P/M materials the higher the compaction pressure and resulting 
green density, the higher the final density. Aluminum alloys can be cold compacted 
to higher green densities than the more commonly used ferrous powders. The com- 
paction pressures used are also considerably lower than those used for ferrous P/M. 
This can be seen by looking at Fig. 2 [39]. Compaction presses used for aluminum can 
be considerably smaller, while still achieving excellent green densities. Table 4 shows 
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Compacting Pressure, MPa 

Figure 2 The effect of compacting pressure on the green density of aluminum and iron 
powders. Note the much lower pressures needed to compact aluminum compared to iron. 
(From Ref. 39.) 


Table 4 Green Density as a Function of Compaction Pressure 


Compaction 
Pressure (MPa) 

201AB 

601AB 

Water atomized Fe 

110 

85 

83 

61 

180 

90 

88 

71 

410 

95 

93 

85 


Source: Ref. 39. 


a comparison of several commercial aluminum P/M alloys and water atomized iron 
powder. The higher relative density that can be achieved with the aluminum alloys is 
clearly shown. 

One study has shown that aluminum alloy powders can be cold compacted to 
full density at sufficiently high pressures [43]. Unalloyed atomized aluminum 
powders ( < 20 /<m) were consolidated to 100% density at pressure of 1 GPa. 
Atomized alloy powders containing various amounts of Fe and Ni were consolidated 
to full density at a pressure of 3 GPa. Strength values were not reported. 

Aluminum alloys are usually sintered at least 90% of their melting temperature. 
Many times a transient liquid phase is involved when sintering elemental blends. A 
typical sintering cycle contains three stages, a lubrication burn-off stage, the high 
temperature sintering stage, and a furnace cool-down stage. Good properties require 
the proper selection of dew point, atmosphere, and temperature. 
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Furnaces for aluminum sintering include both batch and continuous conveyor 
types. Batch furnaces have lower investment costs, moderate atmosphere 
requirements, and greater control than continuous furnaces. Continuous conveyor 
furnaces have the distinct advantage of higher production rates. A humpback fur- 
nace can lead to lower atmosphere usage. 

A vacuum furnace, which is a special type of batch furnace, can also be used to 
achieve high densities after sintering. If a lubricant is used, then it must be removed 
prior to vacuum sintering. Parts are cooled before the vacuum is released and 
the furnace is opened. 

The choice of atmosphere has a significant effect on final properties and 
dimensional accuracy [44]. Aluminum can be sintered in nitrogen, dissociated 
ammonia, inert gas, or in vacuum. Hydrogen has been used, but is not recommended 
for aluminum due to lower properties in the sintered part. Humidity should be low 
during sintering. A dew point of — 40°C or lower is recommended. 

Nitrogen is a particularly good atmosphere for aluminum due to the combi- 
nation of low cost and ready availability, with excellent sintered properties. The 
highest sintered strengths of several commercial aluminum alloys is achieved in 
nitrogen atmospheres. For example, 601AB, starting with a 95% green density, 
has a 12% higher yield strength when sintered in nitrogen compared to dissociated 
ammonia. The ductility is also slightly improved in this example. One study of 
the sintering of a 2014 (MD-24) PM composite reinforced with various hard phases 
showed at least a 50% decrease in ultimate tensile strength with a nitrogen atmos- 
phere compared to the same composites sintered in argon and vacuum [45]. 
However, the nitrogen used had a dew point of greater than -20°C, which may 
account for some of the difference. 

Dissociated ammonia is an available atmosphere used for sintering non-ferrous 
P/M materials, and can be used with aluminum. Properties of parts sintered in Dis- 
sociated ammonia are usually lower than those sintered in nitrogen. The lower 
properties have been associated with the hydrogen in the dissociated ammonia. 
The heat treatment in ammonia of 2024 sheet is known to cause a 29% reduction 
in strength and an 82% reduction in elongation [46]. 

Dimensional changes during sintering of aluminum parts is effected by the 
usual P/M factors such as green density and sintering temperature, but also by 
choice of sintering atmosphere and dew point. The change in dimensions can be 
either positive or negative depending on a combination of the green density and 
the atmosphere. 

U sing vacuum, both 20 1 AB and 60 1 AB can either shrink, remain unchanged or 
swell depending on green density. By the right choice of atmosphere and green 
density, good dimensional control can be achieved. If maximum properties are 
needed, sintering in nitrogen gives little or no shrinkage in both alloys. 

The decrease in density that can occur during sintering has been associated with 
entrapped gases from the atomization process [41]. Swelling can increase with higher 
compaction pressures and also higher sintering temperatures. 


5.3 Advanced Sintering 

Aluminum alloys can be liquid phase sintered by blending aluminum powders with 
powders that form a eutectic with aluminum [47]. Melting occurs at the contact 
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points between the aluminum and the blended eutectic powder forming a liquid 
phase. The oxide on the powder particle surface is dispersed and disseminated, lead- 
ing to metallic contact and an improvement in sintering. 

A study of RSP Al-5% Cu powders, alloyed to create a composition with a 
large freezing range, shows that they can be consolidated by sintering [47]. During 
sintering in the solid-liquid temperature region, the particles melted along grain 
boundaries and dispersed the surface oxides leading to good bonding. 

Dynamic compaction has also been tried to retain the RSP microstructure and 
create high density compacts [48]. While high densities were reached and the 
nanostructure was preserved, bonding between the particles was hampered by a lack 
of oxide breakup. 

Trace elements can also enhance sintering of aluminum [49]. Additions of Mg 
in a concentration of ~0.15% promotes sintering. The Mg reduces the oxide film 
on the powder particles, exposing the underlying aluminum. Additions of 0.1% 
Pb or Sn can promote densification of alloys based on 7xxx wrought alloys, in con- 
trast to the expansion that sometimes occurs during sintering. This leads to signifi- 
cant strength improvements. The elements Sn, Pb, Sb, In, and Bi have been 
found to activate the liquid phase sintering of alloys based on 2xxx series alloys. 
Only a small amount of each element, typically 0.1%, is necessary to get the full 
effect on the sintering. While improving densification, the liquid phase sintering 
results in a slight decrease in strength, with a significant increase in ductility in 
the as-sintered condition. 


5.4 Lubrication 

In order to improve powder compaction in the die, and to reduce problems in ejecting 
green parts from the mold, lubricants are used. Admixed lubricants are preferred for 
ease of use and uniformity from batch-to-batch, however, properties usually are 
effected by the residue of the lubricant that is not removed prior to sintering. 
The same is true in aluminum P/M. 

Most conventional aluminum powders come with an admixed lubricant. 
Usually this takes the form of Ethylene Bis-stearamide (EBS) in quantities of 1-2%. 
Liquid polypropylene glycol and polyethylene wax have also been used [50,51]. 
The lubricant must be removed prior to sintering. Effective removal of the lubricant 
is important to the final properties, therefore a delubrication step is usually incor- 
porated into the sintering cycle. 

A recent study has shown good results with substituting polyethylene wax for 
EBS in Al-6061 [51]. Adding quantities that were identical to that used commercially 
with EBS, higher green properties were achieved and sintered transverse rupture 
strengths were increased approximately 15%. A 420°C delubrication treatment 
was used. 

Another recent study has proposed the use of die wall lubrication instead of 
admixed lubricants [50], Higher sintered strengths were produced by a mixture 
of die wall lubrication with Acrawax C and an admixed 0.2% EBS, instead of 
the more typical 1.2%. No ejection problems were noted and green strengths 
improved. 
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5.5 Repressing 

Pressed and sintered aluminum parts can be repressed to increase the density further. 
In addition to increasing the density, repressing can be used to improve the 
dimensional accuracy of the part. When the primary purpose of the repressing is 
dimensional accuracy, then it may be termed “sizing”. 

Repressing can be followed by resintering, which may relieve residual stresses 
caused by repressing, and also may further increase the density. Any additional den- 
sity increase will depend on the repressed density of the part. Parts with very high 
density will have little driving force for further densification. 

A study of repressing of press and sintered ring and disk preforms showed that 
the use of a lubricant can have an effect on the strain induced in the part, and the 
effect is dependent on the height to diameter ratio of the compact [52]. Admixed 
powders in the composition of Al-4% Cu were pressed and sintered into either rings 
or disks, and then cold pressed to different strains and densities. The use of graphite 
as a lubricant reduced the change in the internal diameter during repressing. It also 
induced a larger height strain for a given densification. 

A study of mechanically alloyed Al-Fe powders demonstrated that a double 
cold pressing and sintering process can produce final properties similar to vacuum 
hot pressed and DISPAL [27]. The recommended process is to mechanically alloy, 
degas, press at 850 MPa, sinter at 650°C, repress at 1300 MPa, and finish by sintering 
at 650°C. Sintering in each step was for 1 hr in vacuum. 


5.6 Vacuum Hot Pressing 

Aluminum alloy powders can be vacuum hot pressed to high densities. This is often 
necessary for prealloyed powders that are difficult to fabricate by more conventional 
means. For example, fully dense samples of 2014 and a 2014 based composite were 
produced by hot pressing at temperatures up to 540°C for 1-2 h [53]. Pressing loads 
of 4-1 1 MPa were used for both monolithic alloys and SiC composites. Densification 
rates decreased with increasing volume of the reinforcing phase. The temperature 
used indicated that supersolidus conditions existed during pressing. 

Powders which are loosely loaded into the hot press, require longer heat up 
times than precompacted powders. Measured lag times for the center of a 75 
mm cylindrical compact varied from 30 min for loose powder to 5 min for powder 
precompacted at 11 MPa. A longer soak time should be used if loose powders 
are being compacted. 

The distribution of pressure during compaction may differ for blended 
composite powders than for the matrix powder alone [53]. Measurements of the 
pressure transferred to the die during pressing show that greater pressure is trans- 
ferred as the amount of reinforcing phase is increased. 

A method for pressing powders to nearly full density, that has an extremely fast 
rate of densification is bidimensional compression [54]. A more complicated pressing 
die than for conventional hot pressing allows for compaction pressures to be applied 
from two perpendicular directions simultaneously. In addition to the high strain rate 
produced, the technique also allows lower pressing temperatures to be used. A MB85 
powder was pressed to better than 97% density at 300°C using a pressure of 172 kPa 
for only 15 sec. 
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5.7 Forging of PM Alloys 

Forging of aluminum PM alloys leads to good bonding, low porosity, and good 
dimensional tolerances. The properties of conventional PM alloys can approach 
those of wrought. Not only can strength and elongation comparable to wrought 
be achieved by this processing route, but also fatigue resistance [55], Forging also 
results in a lower cost than extrusion due to the higher material yield and near 
net shape capability [56]. 

Aluminum is will suited for making P/M preforms for forging. Preforms are 
typically coated with a graphite lubricant to help metal flow during forging. Forging 
can be performed hot or cold. Flot forging is typically done at 300-450°C. Forging 
pressure usually does not exceed 345 MPa. A confined die is often used so that 
no flash is produced. Scrap loss is < 10% compared to conventional forging, which 
can be as high as 50%. Forged aluminum P/M parts have very high densities, usually 
>99.5% of theoretical density. 

An example of a forging process developed for automotive parts made from 
high silicon aluminum alloys, starts with the powder, which is mixed prior to com- 
paction to a preform [57]. The preform is preheated to 480°C in a high frequency 
furnace, both to reduce the forging pressures, but also to degass the powder, which 
is critical for good forged properties. After forging the compacts are heat treated 
to meet properties, and then machined to final shape. Care must be taken in the 
compaction of the preform not to introduce any defects that will be carried over 
into the final part. 

Aluminum alloys have been shown to be able to be forged to very large 
reductions by using the superplastic properties of fine grained compacts [58]. A 7475 
alloy powder and a IN 9021 1 alloy powder were each prepared by ball milling for 80 h 
in argon with zinc stearate as a process control agent. The powders were sub- 
sequently cold compacted with 770 MPa of pressure and then sintered at 500°C 
for 1 h. Hot extrusion was carried out at 350°C using a 16:1 extrusion ratio. 
The compacts were solutionized and quenched before forging. An elongation of 
greater than 200% was achieved at a strain rate of 1 sec -1 when heated to 475°C. 
A forging limit of better than 70% was measured. 


5.8 Extrusion of P/M Alloys 

Extrusion is used to produce extruded shapes of conventional P/M alloys, and also 
to consolidate RSP powders for high strength and high temperature applications. 
The method of extrusion, and degassing process effect the resulting mechanical 
properties of the extruded material [59]. 

Difficulties with dimensional tolerance during extrusion have been overcome 
with die design and process parameter optimization [9], Control of the temperature 
during hot extrusion was critical for dimensional control and retention of the 
RSP microstructure. The gas atomized powders were consolidated by cold isostatic 
pressing prior to hot extrusion. 

Atomized Al-5Cr-2Zr powders were extruded to study the effect of extrusion 
parameters on the extrusion pressure [60], The powders were canned in 6063 
and extruded at different ratios and speed. Powder size and temperature were also 
examined. Powder particle size and temperature were dominant factors for control- 
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ling extrusion pressure. Large particle size and high extrusion temperatures both 
dramatically lower extrusion pressure. Decreased reduction ratio and extrusion 
speed slightly lowered extrusion pressures. 

5.9 Heat Treatment of Aluminum P/M Alloys 

Many aluminum P/M alloys respond to aging treatments, like their wrought 
counterparts. The temper designations for aluminum P/M parts are somewhat dif- 
ferent from those used for wrought alloys [61]. The following designations are often 
used for conventional aluminum alloys. 

• Tl: As-sintered. 

• T2: As cold formed (after sintering). 

• T4: Solution heat treated and at least four days at room temperature. 

• T6: Solution heat treated and artificially aged. 

Other designations are used and mean various processing steps. Some indicate 
repressing was applied. Some are overaged or a cold deformation step is included 
in the heat treatment, similar to T7 and T8. 


6 EMERGING TECHNOLOGIES 
6.1 Spray Forming 

Spray forming is emerging as a production process for new advanced aluminum 
alloys. The process takes the concept of an atomizer and instead of producing 
powder that then has to be consolidated, deposits the atomized droplets onto a 
substrate. The deposit is built up until the final thickness is achieved. Usually sec- 
ondary operations, such as machining, are necessary to turn the deposit into the 
final product. Spray forming has an advantage over ingot techniques in that the 
final microstructure is uniform and homogeneous, like those produced by conven- 
tional P/M. This gives the material produced by this technique excellent properties. 

The as-sprayed billet typically has densities of greater than 97% [3], This high 
density allows for easier forging and extrusion. The extrusion ratios are not as high, 
and there are less steps in the process. Also the lower gas contents allow fusion 
welding processes like laser or electron beam welding [3]. 

One commercial form of this technique is the Osprey process [62,63]. The 
Osprey process atomizes the aluminum alloy in an argon atmosphere to reduce oxy- 
gen contamination of the deposit. The substrate is rotated to produce an even 
deposit, and as the deposit thickness increases the substrate is lowered. The deposit 
thickness is limited only by the supply of molten metal. The resulting billet has 1-3% 
porosity, which can be eliminated by a subsequent extrusion step. Other shaping 
operations, such as machining or forging, are necessary to produce the final shape. 

The Osprey process has been used to make a variety of parts for automotive 
applications. These include, wear resistant Al-Si cylinder liners [63], and dispersion 
strengthened Al-Si alloys for forged connecting rods and pistons [64]. The properties 
of the alloys produced by this process exceeds those of the alloy that it replaces. 

Other techniques for spray forming have been described. These include liquid 
dynamic compaction (LDC) and variable co-deposition of multiphase materials 
(VCM) [65]. In one study a 2024-T4 alloy was produced by LDC, with a 40% increase 
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in yield strength with a 25% reduction in elongation [66], The same process combined 
with small addition of Ni and Zr, resulted in more than a 20% increase in the yield 
strength of an extruded 7075-T6 with no loss in ductility. A fine dispersion of A 13 Ni 
and A 13 Zr were achieved through the rapid solidification that occurred during 
formation. 

6.2 Ceracon 

The Ceracon process utilizes a solid powder, known as a pressure transmitting 
medium, as the working fluid to pseudo-isostatically press a green compact. The 
short exposure time to the high temperatures leads to a retention of a small grain 
size in aluminum alloys [67]. In aluminum alloy 6061, an increase in the tensile 
strength, yield strength, and elongation compared to wrought can be realized using 
the ceracon process. For example, the ductility can be increased by 25% over 
wrought, and 500%. over P/M 6061. The fine grain size that can be achieved should 
also result in higher fracture toughness, cracking resistance, and corrosion 
resistance. 

Compacts consolidated using the Ceracon process have also been used as 
starting material for extrusion. Compacts were extruded in the solution treated state 
at lower extrusion pressures and greater extruded lengths. It has been reported that 
the pressure can be reduced by 15% and the length increased by 20% during 
extrusion. 

6.3 Vapor Deposition 

In the process of physical vapor deposition, material is deposited on a substrate after 
being vaporized by some means. PVD has similar benefits to RSP in that 
non-equilibrium compositions can be produced with very fine microstructures. 
Deposition rate is a problem for this process, and one method of producing a sizable 
deposit in a practical period of time is by electron beam evaporation. 

Electron beam evaporation has been used to produce RAE 72 [69], The alloy 
was deposited at a rate of 6 mm/hr to a thickness of 44 mm and then warm rolled 
to sheet. RAE 72 contains 7.5% Cr and 1.2% Fe, and has a higher tensile strength 
than 7075 at both room temperature and 300°C. It also has a higher specific strength 
than Ti6Al-4V from room temperature up to 300°C. The Young’s modulus is 20% 
higher than for 7075. 


7 ALUMINUM PM ALLOYS 

Aluminum P/M alloys fall into two major groups, conventional alloys and advanced 
alloys. The conventional alloys are often based on existing wrought aluminum alloy 
compositions, with little or no changes to optimize them for powder metallurgical 
processing. These alloys currently represent the bulk of aluminum alloys used to 
produce parts. Advanced alloys have been developed, and continue to be developed, 
to take advantage of many of the special aspects of powder metallurgy. Metal matrix 
composites, high temperature aluminum alloys and high wear resistant aluminum 
alloys are among those that are seeing increased development. These alloys are 
slowly beginning to be used in commercial applications, but will eventually com- 
mand a considerable slice of the available market. 
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Table 5 Compositions of Conventional P/M Alloys 



Cu 

Mg 

Zn 

Si 

601AB 

0.25 

1.0 


0.6 

602AB 


0.6 


0.4 

201AB 

4.4 

0.5 


0.8 

202AB 

4.0 




MD-22 

2.0 

1.0 


0.3 

MD-24 

4.4 

0.5 


0.9 

MD-69 

0.25 

1.0 


0.6 

MD-76 

1.6 

2.5 

5.6 



7.1 Conventional Aluminum Alloys 

Conventional alloys consist of blends of elemental powders, often containing 
lubricants, which are consolidated by press and sinter processing. Table 5 lists a 
number of alloy powders which are based on either 6xxx or 2xxx wrought alloys. 
Alloys 201AB and MD-24 are similar alloys that are related to alloy 2014. These 
alloys can have relatively high strength, and moderate corrosion resistance. Alloy 
202AB is designed for forging, and is especially suited to cold forging [68]. Alloys 
601AB and MD-69 are similar to each other and are related to alloy 6061. These 
alloys offer good strength, ductility, and corrosion resistance, and can be anodized. 
For a higher conductivity, alloy 602AB can be used. Depending on heat treatment, 
conductivity can be as high as 49% IACS. Alloy 601 AB is also available for processes 
in which an admixed lubricant is not desirable. Die wall lubrication would be used 
for compaction. MD-76 is an alloy based on 7075, and similarly offers good 
strengths in the T6 condition. 

The mechanical properties of some of these alloys are shown in Table 6 in 
various conditions. The sintered density and the heat treatment applied has a major 


Table 6 Mechanical Properties of Conventional P/M Alloys 


Alloy 

Green 

Density 

Sintered 

Density 

YS 

UTS 

%E1 

Hardness 

HRE 

6061-T6 



283 

335 

7 


601AB-T6 

85 

91.1 

176 

176 

1 

70-75 


90 

93.7 

224 

232 

2 

75-80 


95 

96.0 

230 

238 

2 

80-85 

201AB-T6 

85 

91.0 

248 

248 

0 

80-85 


90 

92.9 

322 

323 

0.5 

85-90 


95 

97.0 

327 

332 

2 

90-95 

202 AB-T6 

90 

92.4 

147 

227 

7.3 

45-50 

202 AB Cold 

90 

92.4 

173 

274 

8.7 

85 


Formed 19%- 
T6 


Source : Ref. 39. 
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effect on the expected properties. Increased density will increase strength, hardness, 
and ductility. The highest densities are achieved by using higher compaction press- 
ures which lead to higher green strengths. Aging treatments can also be applied, 
and will result in increased strength and hardness, but a lower ductility. The effect 
of cold forming on the properties of alloy 202AB is also shown for comparison. 
Significant strengths can be achieved with very good ductilities. 


7.2 Advanced Aluminum Alloys 

Advanced aluminum alloys are typically prealloyed powders that are designed to 
make use of the extended solubility range that can be achieved with rapid 
solidification or mechanical alloying. These alloys are generally grouped according 
to the purpose that they are intended to serve. 

RSP is being used to develop new alloys that fall into four basic groups [69,70]. 
The groups are; high-strength corrosion-resistant alloys based on traditional 
7000-series aluminum, lower density Al-Li alloys having higher Li levels than poss- 
ible by conventional means, high temperature alloys containg normally low 
solubility elements such as Fe, Mo, Ni, and rare earth elements, and finally Al-Si 
alloys with improved wear, modulus and decreased thermal expansion coefficients. 

Alloys based on 7xxx series alloys include alloys 7064, 7090, 7091 and 7093. 
Typically these alloys have better stress corrosion cracking resistance than 7075, 
or similar SCC and slightly higher strengths. Alloys 7064, 7090, and 7091 all contain 
cobalt which forms an intermetallic compound, C 02 AI 9 . The cobalt acts as a grain 
size stabilizer, helping to preserve the fine grains of the RSP powder [71]. In 7093, 
Ni and Zr are substituted for Co to form intermetallic dispersoids. The compositions 
of these alloys are shown in Table 7. 

7090 is an alloy that has been developed for P/M which is very similar to 7075. 
The composition of 7090 is shown in Table 7. When compared to ingot metallurgy 
7090, P/M 7090 made from RSP powder has improved fatigue strengths and stress 
corrosion cracking resistance [1]. The SCC improvement is attributed to refinement 


Table 7 Compositions of Advanced A1 P/M Alloys 



Zn 

Mg 

Cu 

Ni 

Zr 

O 

7064 

7.1 

2.3 

2.0 


0.2 Co, 
0.1 Cr 


X7093 

8. 3-9. 7 

2. 0-3.0 

1. 1-1.9 

0.04-0.16 

1.2 Zr 

0.20-0.50 

7090 

8.0 

2.5 

1.0 


1.5 Co 

0.35 

7091 

6.5 

2.5 

1.5 


0.4 Co 


X8091 

7. 3-9. 3 Fe 

3. 5-4. 5 Ce 




0.2-0. 5 

Al-9021 


1.5 

4.0 


1.2 C 

0.75 

Al-9051 


4.0 



0.7 C 

0.6 

Al-9052 


4.0 



1.1 C 

0.75 

8090 


1.0 

1.3 

2.4 Li 

0.25 Zr 


A1-905XL 


4.0 


1.3 Li 

1.1 C 

0.4 


Source : Ref. 73. 
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Table 8 Mechanical Properties of Advanced A1 P/M Alloys 


Alloy 

Form 

YS 

UTS 

% El. 

Rfl 

Kic 

7090-T7E71 

Forged 

579 

614 

10 


22 

7091-T7E69 

Forged 

531 

579 

13 


30 

X7093 

Extruded 

582 

612 

11 


49 

X8019 

Forged 

390 





A1-905XL 

Forged 

448 

517 

9 


30 

X7064-T76 

Forged 

572 

607 

15 


30 

8090 

Spray 

Cast 

310 

450 

10 



IN 9021-T4 

Forged 

469 

538 

13 



IN 9052 

Forged 

379 

448 

13 


44 


Source: Refs. 73 and 75. 


of the intermetallic phases, while the fatigue resistance has been attributed to both 
the refinement of the intermetallics and grain size refinement. Alloy 7091 has slightly 
lower strengths and SCC resistance, but higher ductility and toughness. 

X7093 is a P/M analog of 7075, which in its extruded condition shows up to a 
30% improvement in strength and a 40% improvement in toughness over 7075 [69]. 
The composition of X7093 is shown in Table 7. X7093 was developed to provide 
a high strength, high toughness alloy superior to 7075. The mechanical properties 
of X7093 are shown in Table 8. 

X7093 is fabricated by a process that consolidates RSP powder by cold 
isostatic pressing, followed by a degassing step, and then vacuum hot pressed [72]. 
The resulting billet is then extruded to break up the oxide surfaces and then is 
followed by either rolling, extrusion, or forging. Hand forging has also been tried 
with success without the extrusion step. 

Alloys Al-9021, 9051, 9052, and 905XL can be either rapidly solidified or 
mechanically alloyed. Usually they are produced by mechanical alloying and are 
not typically heat treated. They were developed to achieve higher tensile fatigue 
and corrosion properties. The composition of each alloy is given in Table 7. Al-9021 
(MA) has very good properties with the fracture toughness and fatigue properties 
comparable to wrought 7075 [74]. 

The strength properties are developed through microstructure refinement, solid 
solution hardening, and dispersion hardening. Carbides and oxides are produced by 
the mechanical alloying. Table 8 gives the properties of these alloys. It shows 
the good balance between strength, ductility and fracture toughness. 

A1-905XL is a higher stiffness alloy containing Li. Its combination of high 
stiffness and good strength, corrosion and SCC resistance offers many advantages 
over conventional aluminum alloys. It can be P/M forged to high strengths with 
good toughness and ductility. 


7.3 High Temperature Alloys 

In order to achieve higher elevated temperature strength, stable dispersoids need to 
be incorporated into the aluminum alloys, and grain growth must be controlled. 
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Table 9 Properties of Extruded P/M-RS A1 Alloys at 315°C 


Alloy 

UTS (MPa) 

YS (MPa) 

El. (%) 

Al-Fe5-Cu2-Ti2-Cel-Zrl 

357 

281 

3.2 

Al-Fe4-Cu2-Ti 1 - W 1 -Ce 1 -Zr 1 

356 

287 

3.7 

Al-8 Fe-7 Ce 

270 

225 

7 

Al-8 Fe-2 Mo 

235 

210 

10 

Al-12 Fe-1.2 V-2.2 Sn 

310 

300 

7 

Al-4.5 Cr-1.5 Zr-1.2 Mn 

235 

215 

— 

7075-T6 Wrought 

70 

55 

60 

2024-T81 Wrought 

140 

115 

20 


Source: Refs. 69 and 77. 


The elevated temperature properties receive a boost by creating large numbers of 
dispersoids from RSP supersaturated solutions of elements such as Zr, Ti, Fe, 
Ce, Mo, etc. These elements not only readily form intermetallics with aluminum, 
but they also have low diffusivities in aluminum, helping to control coarsening [22]. 
Some examples of the elevated temperature properties of some of these alloys 
are shown in Table 9. 

As shown in Table 9, iron is often the first alloying addition to aluminum used 
to form intermetallic dispersoids. In aluminum-iron binary alloys the intermetallic 
Ali 3 Fe 4 forms. Often the ternary alloying element modifies the intermetallic or 
creates multiple intermetallic phases from the RSP powders. 

X8019 is an alloy based on Fe and Ce [72]. The composition of X8019 is 
Al-8.3Fe-4Ce. X8019 was designed to replace titanium alloys in applications that 
are exposed to temperatures up to 315°C. Not only is aluminum lighter than the 
titanium it replaces, but it is also more machinable. This alloy has better properties 
than the 2xxx alloys, particularly after high temperature exposure, and also has 
better corrosion resistance than 7xxx. This alloy is processed similar to the X7093 
described above. 

The elevated temperature strength of several P/M high temperature alloys are 
shown in Table 9. When compared to A1 7075-T6 and 2024-T8, the dispersoid con- 
taining alloys have two to five times higher strengths at 315°C. The specific strength 
of these alloys clearly challenges the strength of titanium at temperatures up to 
315°C. 

Extrusion temperature has been found to effect the combination of tensile 
strength and fracture toughness in a RSP alloy with a composition of Al-7Mg-lZr 
[76]. When extruded at different temperatures between 350°C and 550°C, the 
strength began to drop off at the highest extrusion temperature, while the fracture 
toughness began to rise. The extrusion temperature of 500°C gave the best combi- 
nation of tensile strength and fracture toughness. The effect of extrusion temperature 
could be quantitatively modeled using standard models for solid solution, dispersoid, 
and substructural strengthening mechanisms. 

The creep resistance of conventional aluminum alloys has been studied. 
Extruded PM 6061 was tested at different stresses and temperatures and found 
to have a threshold stress, similar to dispersion strengthened aluminum PM com- 
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Table 10 Creep Data for High Temperature Aluminum P/M Alloys 


Alloy 

% vol Dispersoid 

Stress Exponent 

Activation Energy 
(kj/mol) 

Al-Ti 

8 

7-8 

240 

Al-Fe-Ce 

25 

1-8 

84-142 

Al-Fe-Ni 

19-32 

10-13 

310-329 

Al-Fe-V-Si 

36 

13-32 

360 

Wrought 6061 

— 

3 

— 


Source : Ref. 11. 


posites [78,79]. The origin of the threshold stress is believed to be aluminum oxides 
that are incorporated into the structure of the compact during processing. The creep 
behavior of aluminum RSP P/M alloys depends on the dispersoids in two manners 
[80,81]. Dislocation creep is controlled by the ratio of the interparticle spacing 
to the grain or subgrain size. Diffusion creep is controlled by interphase interfaces. 

The creep behavior of some high temperature P/M alloys is shown in Table 10. 
When compared to wrought aluminum alloy 6061 the high temperature P/M alloys 
have a much higher stress exponent. The activation energy is also relatively high. 

Heat treatment of RSP aluminum P/M alloys can significantly improve the 
creep rate [82]. An Al-20% TiC composite was studied in the as-extruded condition, 
and after being heat treated at 620°C for various lengths of time. The steady state 
creep rate decreased two orders of magnitude after heat treatment at 620°C for 
24 hr. Further decreases were measured with longer heat treating times. XRD results 
showed that the major cause of the heat treating response was the formation of Al 3 Ti 
and AI 4 C 3 from a reaction between the TiC and the aluminum matrix. The greater 
number of dispersoids, as well as their finer size was suggested as the reason for 
the increase in creep strength. 

The effect of both RSP and MA on the creep resistance of Al-5Fe-5Ni and 
Al-8Fe-4Ce (X8019) alloys has been investigated [83]. It was felt that the dispersoids 
produced by RSP were still too large to effectively prevent microstructural evolution 
at elevated temperatures. The combination of RSP with MA reduced the dispersoid 
size slightly, but also added a fine dispersion of oxides and carbides. The sources 
of the oxygen and carbon were the atmosphere inside the milling chamber and 
the added process control agent respectively. 

After elevated temperature exposure the alloys that were RSP, but not MA 
coarsened considerably [83]. In comparison, the RSP and MA alloys retained their 
structure and were only 10% less hard after two weeks at 450°C. The creep rate 
of both the Al-Fe-Ni and Al-Fe-Ce alloys was found to have decreased by several 
orders of magnitude with the combined treatment. Further improvements in proper- 
ties are expected with optimization of the process. 


7.4 Al-Si Wear Resistant Alloys 

Light-weight alloys with high wear resistance are important for a number of critical 
applications in automotive applications as described above. It has been found that 
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high silicon alloys have improved wear over conventional aluminum P/M alloys. 
The distribution of silicon particles and transition metal intermetallics have been 
both shown to make an important contribution to the wear properties [8], 

P/M Al-Si alloys typically achieve higher room temperature strength, 290-390 
MPa, than cast Al-Si, 117 to 160 MPa [84]. In addition, elongation is slightly 
improved and hardness is raised considerably, from about 40-65 R B . In particular, 
the wear and high temperature stability also are increased over cast alloys. Higher 
silicon levels typically increase the properties, but begin to plateau for some proper- 
ties around 18% Si. 

RSP is important to high performance of Al-Si P/M alloys, due to the low 
solubility of silicon in aluminum (1.65%) and the ensuing difficulty in producing 
a numerous fine dispersion of silicon particles. An alloy designed for good wear 
resistance employs both of the above microstructural features, fine silicon particles 
and even finer dispersions of transition metal intermetallics [8]. The alloy Al-12 Si- 5 
Fe-6 Ni has a higher hardness, higher Young’s Modulus, and better elevated tem- 
perature strength than conventional alloys. This resulted in improved wear perform- 
ance of a rotor for an automotive oil pump. An Al-20 Si-5 Fe was chosen for an 
automotive air compressor application [9]. 

Forging of an Al-25Si alloy based on 2024, showed a marked increase in 
properties over the same alloy which had been extruded [56]. Small improvements 
were made in the UTS, % elongation, and hardness, while the fatigue strength 
increased a dramatic 13%. These improvements were attributed to the greater 
break-up of the oxide at prior particle boundaries and shorter exposure to high 
temperatures. The latter helped to preserve some of the properties of the RSP 
powders. 

Al-Si alloys that had been hot pressed and extruded were compared to the same 
compositions that had been extruded only [85]. The hot pressed and extruded alloys 
showed a significant increase in the ductility, up to 50%, at various elevated 
temperatures. Apparently the precompaction by hot pressing altered the final 
microstructure and effected the properties. These alloys showed superplastic pro- 
perties. 


7.5 Low Density/High Stiffness Alloys 

The beneficial effect of Li additions on the density and stiffness of aluminum alloys is 
well known. Alloy A1-905XL has already been discussed. The addition of Li to this 
alloy results in good strength properties with a higher stiffness. The alloy system 
that could benefit the most from P/M is Al-Be-Li. 

Beryllium has a solubility of only 0.3% in aluminum. RSP can dramatically 
extend the solid solubility of Be. Alloy compositions of Al-20. 5 Be-2.4 Li and Al-29.6 
Be-1.3 Li have been reported [86]. Al-20. 5 Be-2.4 Li has a density of about 2.3 g/cc, 
or a better than 15% reduction over most A1 alloys. The mechanical properties 
of Al-20. 5 Be-2.4 Li are a yield strength of 451 MPa, a tensile strength of 531 MPa, 
with an elongation of 3.3%, and a modulus of 123 GPa. The Al-29.6 Be-1.3 Li alloy 
has a yield strength of 497 MPa, a tensile strength of 536 MPa, with an elongation 
of 2.6%, and a modulus of 142 GPa. These values are representative of both alloys 
in their peak aged condition. This combination of properties results in a high specific 
strength and specific stiffness. 


Marcel Dekker, Inc. 
270 Madison Avenue. New York, New York 10016 



Copyright © Marcel Dekker, Inc. All rights reserved. 



Powder Metallurgy 


1275 


7.6 MMCs 

Powder metallurgy is an excellent fabrication method for aluminum matrix com- 
posites. It offers a method of adding large percentages of hard reinforcing phases 
in a uniform distribution, and producing a near net shape. This results in the poten- 
tial for significant property improvements. One major drawback to the use of 
P/M to produce aluminum MMCs is a potentially higher cost over other methods 
[87], 

Specific advantages of P/M in the fabrication of aluminum MMCs include a 
much higher volume percent of reinforcing phase possible when compared to casting 
or spray forming techniques [87]. The ability to produce a more uniform dispersion 
of the hard particles leads to both higher fracture toughness values and higher 
ductilities. In a 15% SiC reinforced 6061 composite, a 50% improvement in K/c 
occurred through producing a more uniform dispersion. A 20% SiC reinforced 
CP A1 alloy also had a 50% improvement in the percent elongation with a more 
uniform distribution. 

One of the first commercial aluminum matrix composites is called sintered 
aluminum powders (SAP) [ 88 ]. SAP uses aluminum powder which contains a large 
quantity of oxygen. The oxygen forms AI 2 O 3 , which acts as a dispersoid, providing 
significant elevated temperature strength. Parts from SAP are thermally stable at 
temperatures up to 500°C, and exhibit good corrosion resistance, thermal and elec- 
trical conductivity, and erosion resistance [4], Semifinished parts in the form of sheet, 
tube, forgings, etc., are available commercially [89]. 

Aluminum can also be dispersion strengthened by reaction milling with carbon 
black. An A1 4 C dispersoid is formed which gives excellent high temperature stability. 
Dispal can be heated to 260°C for 100 h without significant loss of strength [90]. 

Nitrogen can also be incorporated into the structure of aluminum by reaction 
milling. Cryomilling involves using liquid nitrogen in the milling chamber while 
mechanically alloying an aluminum powder. AIN particles are formed, which 
improve the properties of the resulting compacts. The refined microstructure of 
the MA powders can be retained after sintering through cryomilling. The AIN 
particles formed appear to stabilize the grain structure during the elevated tempera- 
ture exposure during sintering. A 5083 alloy treated by cryomilling was sintered 
to 99.6% density, while retaining most of its refined grain size during either extrusion 
or hot isostatic pressing [31]. A 30% increase in both the yield strength and ultimate 
tensile strength were observed when compared to wrought 5083-H343. Surprisingly, 
there was no decrease in ductility accompanying this increased strength. The grain 
size of the resulting compact was approximately 30 nm. 

A P/M 6061/20% SiC particulate composite showed a 47% increase in stiffness 
and a 35% increase in tensile strength over wrought AA 6061 [91]. Ductility and 
fracture toughness are often lower in the composite materials, when compared 
to the monolithic wrought alloy. One study of layered particulate composites showed 
that fracture toughness values equivalent to wrought can be achieved [92]. SiC and 
aluminum 6061 were codeposited by spray atomization into layers of higher and 
lower SiC volume percent. A layer spacing of 700 /an produced the highest ductility 
and ultimate tensile strength. The fracture toughness was similar to the wrought 
alloys toughness. The codeposited layers were effectively graded, unlike similar com- 
posites produced by P/M, diffusion bonding and coextrusion. 
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Table 11 Properties of some A1 MMCs 


Composite 

Form 

YS 

(MPa) 

UTS 

(MPa) 

%E1 

KIC E (GPa) 

2124/SiC/20p-T8 

Extruded 

550 

620 

7 


6061/SiC/20p-T6 

Extruded 

340 

420 


103 

6091/SiC/20p-T6 

N/A 

396 

448 

4.1 

103 

6091/SiC/30p-T6 

N/A 

407 

496 

3.0 

121 

6091/SiC/40p-T6 

N/A 

431 

538 

1.9 

138 

Source: Ref. 90. 


Table 12 Effect of Volume Percent of SiC on Properties of 6061 

Volume Percent 

Stiffness (GPa) 

CTE (10- 6 /K) 

0 

70 

21.5 

15 

97 

18.5 

20 

103 

16.8 

25 

114 


30 

121 

15.7 

35 

135 


40 

145 

13.2 

50 


12.0 

55 


10.5 

60 


9.7 


Source: Ref. 87. 


The effect of the volume percent of the reinforcing phase, as well as the choice 
of matrix is shown in Table 11. Composites based on the higher strength 2124-T8 
are stronger when produced with the same volume percent of SiC. Also, the strength 
and modulus increase with the amount of reinforcing phase can also be seen. 
Ductility decreases with the increasing strength. 

The effect of volume fraction on the stiffness and thermal coefficient of 
expansion (CTE) can be seen in Table 12 for a 6061 alloy reinforced with SiC. 
The CTE decrease with increasing volume fraction of SiC. This effect is being used 
to develop aluminum alloys with controlled CTE for use in the electronics industry. 
Substrates with CTE that closely match silicon reduce the problems of thermal 
fatigue in integrated circuit applications. 

The route used to fabricate a P/M aluminum MMC is critical to the cost of the 
final product [93]. Typical processing sequences would include atomization of the 
aluminum alloy, followed by blending of the reinforcement particles with the matrix 
powder, then cold pressing or cold isostatic pressing, followed by canning, degassing, 
and then a forming technique which produces a high degree of deformation such as 
extrusion, forging, or hot pressing. The blending of the aluminum alloy powder 
and the reinforcing phase is critical to producing a uniform distribution in the final 
part [93]. Alternate routes that have less steps and less cost have been proposed. 
Each of these routes typically trades off properties for reduced expense. 
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Compressibility of aluminum MMCs decreases with increasing particle volume 
[94]. As particle volume increases, the green density will typically decrease. A limit 
may be reached where additional particle volume may prevent sufficient 
densification to get an additional increase in properties. 

7.7 Porous Al 

Porous P/M products have many uses for filters and self-lubricating bearings. Work 
has shown that porous aluminum materials can be produced by ball milling, followed 
by gravity sintering [95]. No compaction is used in the processing. Since compaction 
is not performed the oxide surfaces must be broken by other means, therefore ball 
milling is performed prior to sintering to obtain good sintered strengths. Additives, 
such as Cu, promote sintering. Strengths were good, 30-70 Mpa, and good per- 
meability can be achieved. Porosities of 30-45% resulted from the different 
processing parameters. 

Aluminum foams can also be produced by powder metallurgy [96]. A foaming 
agent in incorporated into a P/M compact by blending with the aluminum alloy 
powder. After compaction, the foaming agent is activated by heating close to 
the melting point of the aluminum alloy. Gases evolved from the foaming agent 
expand the cells of the foam and create a light weight structure. Prior to foaming 
the compact can be mechanically deformed to shape. Application for the aluminum 
foam is in higher stiffness body parts for automotive use, and increasing energy 
absorption during collisions. 
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APPENDIX 1 Water Quenching Data: 7075-T73 Aluminum Bar Probes 


Probe 

diameter 

(in) 

Quenchant 
temp 
(deg F) 

Velocity 

(FPM) 

Cooling 

rate 

(°F/sec) 

H 

(h/2K) 

Film 

coefficient 

(BTU/Hr.FTA2.°F) 

Q 

0.5 

80 

25 

450.05 

0.63 


2.0 

0.5 

80 

50 

787.8 

1.06 

2449 

1.1 

0.5 

80 

100 

926.1 

1.14 

2633 

1 

1 

80 

25 

373.25 

1.28 

2948 

2.15 

1 

80 

50 

386.6 

1.34 

3078 

2.2 

1 

80 

100 

456.5 

1.62 

3733 

1.9 

1.5 

80 

25 

221.6 

1.38 

3177 

3.55 

1.5 

80 

50 

255.6 

1.64 

3775 

3.5 

1.5 

80 

100 

282.9 

1.9 

4361 

3.3 

2 

85 

25 

163.5 

— 

4332 

6.9 

3 

85 

25 

75 

— 

3137 

8.1 

0.5 

100 

25 

427.8 

0.58 


2.1 

0.5 

100 

50 

721.8 

0.96 

2207 

1.1 

0.5 

100 

100 

815.4 

0.1 

2523 

1 

1 

100 

25 

312.1 

1.055 

2427 

2.6 

1 

100 

50 

376.8 

1.25 

2874 

2.2 

1 

100 

100 

483.3 

1.56 

3660 

2 

1.5 

100 

25 

205.8 

1.345 

3093 

3.7 

1.5 

100 

50 

225.2 

1.42 

3256 

3.7 

1.5 

100 

100 

269.3 

1.75 

4029 

3.4 

0.5 

120 

0 

675.9 

1.07 

2460 

1 

0.5 

120 

25 

559.8 

1.07 

2460 

1 

0.5 

120 

50 

654.3 

1.23 

2834 

0.9 

0.5 

120 

100 

723.6 

1.25 

2865 

0.9 

1 

120 

0 

298.2 

1.13 

2597 

2.5 

1 

120 

25 

370.4 

1.21 

2790 

2.2 

1 

120 

50 

370.4 

1.33 

3059 

2.2 

1 

120 

100 

392.9 

1.73 

3976 

1.7 

1.5 

120 

0 

188.2 

1.3 

3001 

3.6 
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Appendix 1 Continued 


Probe 

diameter 

(in) 

Quenchant 
temp 
(deg F) 

Velocity 

(FPM) 

Cooling 

rate 

(°F/sec) 

H 

(h/2K) 

Film 

coefficient 
( BTU / Hr . FT a2. ° F) 

Q 

1.5 

120 

25 

203.6 

1.21 

2790 

3.6 

1.5 

120 

50 

222.8 

1.48 

3415 

3.3 

1.5 

120 

100 

266.6 

1.83 

4207 

3.2 

0.5 

140 

0 

522.9 

0.74 

1706 

1.2 

0.5 

140 

25 

485.1 

0.82 

1877 

1.1 

0.5 

140 

50 

567.6 

1.06 

2437 

1 

0.5 

140 

100 

665.1 

1.1 

2520 

1 

1 

140 

0 

223.7 

0.89 

2058 

2.9 

1 

140 

25 

282.9 

0.97 

2225 

2.4 

1 

140 

50 

334.2 

1.1 

2539 

2.4 

1 

140 

100 

348.3 

1.35 

3097 

1.9 

1.5 

140 

0 

128 

0.95 

2180 

5.4 

1.5 

140 

25 

163.7 

0.95 

2180 

4.8 

1.5 

140 

50 

170.7 

1.1 

2528 

4 

1.5 

140 

100 

242.8 

1.55 

3565 

3.4 

2 

140 

25 

122 

— 

2266 

8.1 

3 

140 

25 

63 

— 

2011 

15.8 

0.5 

160 

0 

83.3 

0.19 

439 

2.5 

0.5 

160 

25 

88.5 

0.22 

511 

2.3 

0.5 

160 

50 

196.2 

0.46 

1048 

1.4 

0.5 

160 

100 

276.9 

0.62 

1423 

1.4 

1 

160 

0 

48 

0.25 

567 

8 

1 

160 

25 

75.5 

0.3 

691 

5.6 

1 

160 

50 

217.8 

0.66 

1515 

3.4 

1 

160 

100 

174.4 

0.75 

1718 

2.7 

1.5 

160 

0 

30.3 

0.2 

455 

12.7 

1.5 

160 

25 

64 

0.37 

859 

8 

1.5 

160 

50 

106.7 

0.6 

1384 

5.7 

1.5 

160 

100 

150.9 

0.99 

2285 

4.4 

0.5 

180 

0 

39.7 

0.11 

262 

6.7 

0.5 

180 

25 

59.8 

0.17 

384 

5 

0.5 

180 

50 

72.4 

0.23 

526 

4 

0.5 

180 

100 

113.2 

0.28 

653 

3.8 

1 

180 

0 

19.2 

0.12 

272 

14 

1 

180 

25 

31.5 

0.16 

376 

9.1 

1 

180 

50 

39.2 

0.18 

410 

9.2 

1 

180 

100 

60.2 

0.26 

606 

7.3 

1.5 

180 

0 

11.4 

0.11 

247 

29.5 

1.5 

180 

25 

21.8 

0.17 

382 

13.4 

1.5 

180 

50 

37.4 

0.23 

540 

10.4 

1.5 

180 

100 

39.6 

0.26 

609 

12 

0.5 

200 

0 

13.6 

0.04 

89 

44.3 

0.5 

200 

25 

15.9 

0.05 

114 

28.9 

0.5 

200 

50 

26.5 

0.08 

178 

13.8 

0.5 

200 

100 

31 

0.09 

198 

12.4 

1 

200 

0 

11.6 

0.08 

184 

33.8 
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Appendix 1 Continued 


Probe 

diameter 

(in) 

Quenchant 
temp 
(deg F) 

Velocity 

(FPM) 

Cooling 

rate 

(°F/sec) 

H 

(h/2K) 

Film 

coefficient 

(BTU/Hr.FTA2.°F) 

Q 

1 

200 

25 

15.5 

0.09 

214 

22.6 

1 

200 

50 

12.8 

0.09 

202 

26.7 

1 

200 

100 

14.5 

0.09 

217 

24.5 

1.5 

200 

0 

5.5 

0.07 

160 

86.9 

1.5 

200 

25 

6 

0.07 

171 

73 

1.5 

200 

50 

6.9 

0.08 

183 

62.9 

1.5 

200 

100 

14.5 

0.13 

291 

24.5 

0.5 

212 

0 

9.6 

0.02 

52 

76.3 

0.5 

212 

25 

9.2 

0.02 

52 

78.1 

0.5 

212 

50 

9.6 

0.03 

60 

68.5 

0.5 

212 

100 

9.4 

0.02 

52 

74.8 

1 

212 

0 

5.7 

0.06 

137 

94.6 

1 

212 

25 

6.9 

0.06 

146 

75.1 

1 

212 

50 

5.1 

0.06 

133 

116.7 

1 

212 

100 

5 

0.06 

132 

118.7 


Quenched into water at various temperatures (Solution temperature = 870°F) 


APPENDIX 2 Type I Polymer Quench Data: 2024-T851 Aluminum Sheet 
Probes 


Polymer 

concentration 

% 

Circulation 

rate 

(ft /min) 

Cooling 

rate 

(°F/sec) 

Film 

coefficient 

(BTU/ 

Hr.ft.°F) 

Quench 

factor 

Predicted 
yield strength 
(KSI) 

10 

0 

2038.5 

3747.5 

1.9 

65.9 

10 

50 

2100.6 

3807.5 

1.8 

66 

20 

25 

1165.8 

2827.5 

3.2 

65.5 

30 

0 

542.35 

1922.5 

7.2 

64.2 

30 

50 

682.2 

2160 

5.6 

64.7 


Solution temperature = 870°F, Quenchant bath temperature 85°F. 
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APPENDIX 3 Type I Polymer Quench Data: 7075-T73 Aluminum 
Sheet Probes 


Polymer 

concentration 

% 

Sheet 

thickness 

(in) 

Circulation 

rate 

(ft /min) 

Cooling 

rate 

(°F/sec) 

Film 

coefficient 

(BTU/ 

Hr.ft.°F) 

Quench 

factor 

Predicted 

yield 

strength 

(KSI) 

10 

0.063 

0 

1277.20 

2995.00 

0.7 

68.9 

10 

0.063 

50 

1546.90 

3305.00 

0.7 

68.9 

10 

0.126 

0 

1019.25 

2832.50 

1.0 

68.8 

10 

0.126 

50 

1107.60 

2962.50 

0.99 

68.9 

10 

0.25 

0 

408.90 

1832.50 

2.7 

68.4 

10 

0.25 

50 

638.70 

2357.50 

1.7 

68.7 

20 

0.063 

25 

667.60 

2190.00 

2.0 

68.6 

30 

0.063 

0 

501.20 

1865.00 

1.8 

68.7 

30 

0.063 

50 

582.45 

2015.00 

1.8 

68.7 

30 

0.126 

0 

355.35 

1622.50 

2.7 

68.4 

30 

0.126 

50 

450.60 

1835.00 

2.2 

68.5 

30 

0.25 

0 

205.85 

1272.50 

4.7 

67.9 

30 

0.25 

50 

270.75 

1470.00 

4.0 

68.1 


Solution temperature = 870°F, Quenchant bath temperature 85°F. 
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Adiabatic temperature change, 460 
Aging 

Al-Cu alloys, 272, 915 
Al-Cu-Mg alloys, 273, 916 
Al-Cu-Mg-Cu alloys, 284 
Al-Cu-Mg-Si alloys, 280 
Al-Li alloys, 289 
Al-Mg-Sc alloys, 299 
Al-Mn alloys, 298 
Al-Zn-Mg-Cu, 916 
aging curves, 143 
artificial, 911, 920 
delay, 175 
hardening, 103 
hardening parameters, 264 
natural, 908 
nucleation, 269 
phase fields, 186 
quench sensitivity, 127 
spinodal decomposition mechanisms, 
270 

supersaturated solid 
solutions, 269 
transition metal alloys, 293 
typical treatments, 924 
Alloy designations, 882 


Alloying elements 

effect on properties, 114, 885 
equilibrium diagrams, 115 
microsegration, 490 
partition coefficient, 490 
Alloy systems 
Al-Cu/Al-Cu-Mg, 140 
Al-Fe-Si, 138 
Al-Li/ Al-Cu-Li, 150 
Al-Mg, 160 
Al-Mg-Si-Cu, 180 
Al-Mn, 155 
Al-Si/Al-Mg 2 -Si, 168 
Al-Zn-Mg, 187 
Aluminum 
melting, 57 
solidification, 57 
Aluminum production 
ALCOA chloride, 24 
Bayer process, 1 5 
combine method, 18 
electrolysis, 22 
electrolytic reduction, 21 
extraction, 25 
Hall— Heroult cells, 23, 643 
melt-quench technique, 26 

1289 
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[Aluminum production] 

Pederson process, 18 
Picheney h-plus process, 19 
primary 2, 6 

recovery from coal ash, 19 
secondary, 5 
smelting, 21 
Toth process, 24 
Aluminum properties 
atomic radius, 38 
compressibility, 54 
crystal lattice defects, 39 
crystal structure, 38 
debye temperature, 45 
density, 40, 418 
elastic properties, 66 
electrical, 49 

electrical conductivity, 51, 910, 928 
emissivity, 56 
fatigue, 72 
hardness, 67, 70, 928 
magnetic susceptibility, 47 
Matthiessen’s law, 50 
mechanical, 66, 71, 725, 815 
moment of inertia, 418 
nuclear, 33 
physical, 36 
refractive index, 54 
specific heat, 59 
spectral reflectance, 55 
stiffness, 419 
superconductivity, 52 
thermal conductivity, 41 
thermal expansion, 41 
transverse magneto- 
resistance, 49 
volume conductivity, 50 
yield stress, 434 
Aluminum refinement 
Hoopes cell, 27 
zone melting, 29 
Annealing, 887 
Anodizing, 893 
Avrami equation, 359, 897 

Bauxite 
composition, 7 
deposites, 7 
impurities, 1 1 
Bingham fluid, 433 
Blistering, 892, 1036 
Burger’s vector, 83, 217 


C-curves, 972, 1002-1005 
Capillary equation (laplace), 698 
Capillary shaping, 696, 706 
Casting 
alloys, 591 

cooling rate effects on structure, 610 
degassing, 595 
fluxes, 593 
heat treatment, 620 
hydrogen solubility, 595 
intermetallics, 608 
melt refining, 597 
microgravity, 737 
particle reinforced, 637 
pumping and filtering, 597 
Casting design 

alloy selection, 546 
casting defects, 539 
concurrent engineering, 566 
geometry, 545 
goals, 533 
guidelines, 557 
heat transfer, 544 
heat treatment, 546 
metallurgical defects, 541 
process design, 534 
solidification shrinkage, 542 
tooling considerations, 548 
unit cost equation, 554 
Casting factor, 541 
Casting processes 
die casting, 618 
permanent mold casting, 617 
sand casting, 614 
Cells, 101 
Chemical milling 
area rules, 1 197 
desmutting tank, 1227 
diffusion dialysis, 1210 
equipment design, 1172 
etch tank construction, 1226 
etching, 1169, 1199 
law of natural decay, 1 1 74 
maskants, 1159, 1170 
process steps, 1161 
scribing, 1165 
tooling, 1193 
undercut ratio, 1194 
waste disposal, 1208 
waterborne maskents, 1178 
Chillers, 934 
Cloud point, 901 
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Cold working, 905 
Cooling curve analysis 

heat transfer coefficients, 982 
probe shape, 989 
probes design, 979 
rewetting measurements, 990-993 
silver versus aluminum, 992 
specific heat capacity, 992 
surface oxidation effects, 989 
Corrosion 

capillary shaped materials, 729 
electrode potentials, 62 
galvanic corrosion, 515, 1038 
intergranular, 971, 1042 
intergranular corrosion, 5 1 5 
pitting, 65, 516 
pure aluminum, 60 
stress corrosion cracking, 516 
welding, 513 

Critical temperature range, 1001 

Debye temperature, 45 
Deep drawing, 867 
Deformation 

hot deformation behavior, 241 
Design 
casting, 533 
extrusion, 404 
forging, 775 
sheet forming, 841 
Stepanov method, 717 
Direct chill (DC) casting, 354 
Dislocation sources, 86 
Dispersion hardening, 912 
Dispersoids, 123 
Distortion 
casting, 337 
control, 1049 
defects, 331 
earing, 334 
heat treatment, 316 
metal-matrix composites, 339 
residual stresses, 306 
sheet forming, 330 
springback correction, 332 
stress relief, 343 
warping, 334 

Doherty solute work hardening parameter, 
99 

Edge-defined film-fed growth method, 696 
Equivalent strain, 822 


Extrusion 

alloy strengthening 
mechanisms, 414 
billet, 387 

conform method, 386 
continuous, 386 
dead zone, 427 
deformation patterns, 424 
design considerations, 404 
die, 389 

dimensional variability, 398 
direct process, 386 
discard, 388 
microstructure, 429 
numerical analysis, 467 
P/M alloys, 1266 
plasticity, 433 

process flow conditions, 419, 431 
process variability, 397 
slip line theory, 448 
split billet technique, 422 
surface defects, 399 
tapering, 393 
Tresca criterion, 437 
Valberg’s technique, 423 
yield criterion, 435 
Eutectic reaction, 121 


Fatigue, 72 

Fluidized bed furnaces, 938 
Forging 

alloys, 784, 814 
basic operations, 811 
cracking, 823 
dead metal, 822 
deformation mechanics, 787 
die forging, 814 
equivalent strain, 822 
forging pressure, 820 
forging temperature selection, 825 
mechanical properties, 815 
methods, 778 
P/M alloys, 1266 
part design, 801 
process design, 775 
reduction in area, 811, 813 
skin inclusions, 823 
true stress, 810 
upsetting strain, 810 
workability testing, 788 
Fourier equation, 988 
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Fracture 
mechanisms, 133 
void and crack formation, 134 
Fracture toughness, 136 
Frank sessile dislocation loop, 85 
Friction 

extrusion bearing friction, 464 
slab or strip method, 462 
stress, 166 
Furnaces 

batch/continuous, 920 
cold air entrainment, 936 
fluidized bed, 938 
gas-fired, 937 
quench speed control, 934 
temperature surveys, 965 
types, 922 

Geleji’s equation, 365 
Grain 

average grain size, 250 
boundaries, 85 

grain boundary migration, 224 
growth, 244 

impurity concentration, 249 
kinetics, 247 
orientation, 215 
refinement, 493, 503 
structure, 602 
subgrain coalescence, 223 
subgrains, 102 
welding grain structure, 486 
Zener force, 250 
Grossmann number, 988 
Guinier-Preston (GP) zones, 125, 266, 907 

Hall-Petch equation, 101, 263 
Hardenability 

Jominy end-quench test, 978 
Hardening 

Druecker’s strain hardening postulate, 
440 

GP zones, 107 
glissle dislocation, 103 
grain size, 101, 263 
Hall-Petch equation, 101 
Orowan looping, 103 
precipiate distribution, 109 
precipitate size, 108 
precipitation (age), 102, 263 
solid-solution hardening, 261 
strain, 96, 97, 165, 438 


[Hardening] 

substructure, 101 
work, 97, 263 
Hardness, 92 
Heat affected zone 

precipitation reactions, 508 
recovery and grain growth, 507 
welding, 482 

Heat transfer coefficient, 982, 1013 
Heat treatment 
annealing, 887 
artificial aging, 920 
excessive precipitation, 899 
high temperature oxidation, 892 
homogenization, 886 
refrigeration, 908 
soaking time, 894 
solution, 888 
straightening, 907 
Hydroforming, 864, 907 
Hydrogen 

activity coefficient, 653 

mechanism of hydrogen dissolution, 646 

removal, 649 

solubility, 73, 645 

Incipient melting, 889 

Johnson— Mehl equation, 227 
Jominy end quench 
test, 976 
test bar, 984 

Karman— Siebel equation, 364, 368 
Lattice defects 

critical resolved shear stress, 89, 212 
crystal defects, 214 
deformation microstructure, 212 
dislocation density, 214 
dislocation interaction force, 219 
dislocation sources, 86 
dislocations, 82 
grain boundaries, 85 
point defects, 82 
shear stress field, 2 1 7 
stacking faults, 84 
Leidenfrost temperature, 1015 
Levy— Mises equations, 442 
Lomer— Cottrell dislocation, 95 

Machining 

alloy classification, 1064 
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[Machining] 
chip breakability, 1078 
chip charts, 1081 
chip morphology, 1085 
cutting force, 1072 
dry machining, 1094 
high speed, 1093 
machinability ratings, 1066 
measures of performance, 1065 
residual stress, 1086 
surface roughness, 1090 
surface treatments, 1091 
tool geometry, 1084 
tool-life, 1073 
Macrosegregation, 491 
Mechanical properties 
failure, 132 

Staley’s toughness tree, 132 
Membrane separation, 961, 1032 
Metal-matrix composites 
distortion, 339 
machining, 1095 
P//M alloys, 1275 
Microgravity crystallization 
alloying elements, 747 
cooling velocity, 742 
crystallization velocity, 741 
dendrite spacing, 743 
heat treatment, 747 
mass transport coefficient, 752 
microstructure influence, 746 
unidirectional crystallization, 740 
Microstructural features 
Al-Li alloys, 291 
constituents, 121 
dispersoids, 123 
grain structure, 130 
heat treatment effects, 625 
inclusions (oxide), 118 
porosity, 119 

precipitate free zones (PFZ), 128 
precipitates, 125 
Q-Phase, 182, 283 
secondary phase particles, 120 
Mises criterion, 436 
Modeling 

boundary conditions, 577 
castings, 573, 627 
criteria and techniques, 585 
heat flow, 628 

microstructural evolution, 630 
Niyama criterion, 586, 632 


[Modeling] 

thermophysical data, 577 
validation, 580 
Modulus of elasticity, 95 
Mohr diagram, 449 
Molten metal processing 

alkali and alkaline earth metal removal, 
681 

degassing efficiency curves, 657 
dissolved hydrogen, 644 
filtration, 670 
furnace fluxing, 687 
gas sparging rate equation, 667 
hydrogen gas porosity, 662 
hydrogen removal, 652 
inclusion removal, 663, 671 

Newton’s law of cooling, 983 
Nomenclature 

aluminum grades, 34 

Pole figure determination, 230 
Polymer quenchant 

agitation on physical properties, 1025 
bath maintenance, 1027 
coalescence, 1036 
membrane separation, 1032 
polymer concentration limits, 1024, 1025 
section size on physical properties, 1025 
thermal separation, 1031 
Porosity 
casting, 539 
castings, 597 
growth kinetics, 498 
heterogeneous nucleation, 496 
homogeneous nucleation, 495 
hydrogen entrapment, 606 
hydrogen partitioning, 497 
mechanical property effects, 499 
microstructural evidence, 662 
Niyama criterion, 586 
thermodynamic requirement, 494 
Powder metallurgy 

alloy compositions, 1268 
cryomilling, 1257 
explosion hazard, 1258 
extrusion, 1266 
forging, 1266 
furnaces, 1263 
heat treatment, 1267 
lubrication, 1264 
mechanical alloying, 1256 
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[Powder metallurgy] 
metal matrix composites, 1275 
minimum ignition energy, 1259 
Osprey process, 1267 
powder atomization, 1254 
pressing, 1261 

rapid solidification processing, 1255 
sintering, 1261, 1263 
tayloring powders, 1260 
vacuum hot pressing, 1265 
Precipitation free zones (PFZ), 919 

Quality Index, 767 
Quenchant 

carbonated water, 1038 
liquid nitrogen, 1042 
polymer, 1018 
selection, 1012 
Type I/Type II, 1021 
water, 1015 
Quench Factor 
analysis, 896, 1001 
incremental Quench Factor, 1006 
overall Quench Factor, 1008 
property calculation, 1008 
Quenching 

agitation effects, 1017 

cooling rate-property correlation, 896 

deep freezing, 1048 

delayed, 1017 

direct immersion, 900 

metallurgy, 895 

polymer, 894 

precipitation from solid solution, 267 

quench delay time, 899 

section size and cooling rates, 980 

spray, 900, 902 

surface condition, 997 

tank design, 938 

tricycle stress relieving, 1048 

uphill, 1048 

water, 894 

Quench sensitivity, 126, 182, 973 
Quench severity, 901 
Quench tank 
agitation, 943, 950 
baffling, 953 
chillers, 956 
design, 938 

droping (hoist) speeds, 943 
flow, 949 
heat load, 941 


[Quench tank] 
materials, 941 
membrane separation, 961 
modeling, 944 
racking, 954 

Racking, 954, 1056 
Recovery 

deformation mechanism of, 217 
dynamic, 240 
polygonization, 219 
Recrystallization 
continuous, 228 
dynamic, 240 

growth selection control, 238 
Johnson— Mehl equation, 227 
kinetics, 219, 226 
nucleation, 221 

oriented nucleation control, 237 
primary, 220 
subgrain coalescence, 222 
texture, 229 

texture description, 232 
Residual stress 

Campbell’s analysis, 1044 
categories, 305 
computer prediction, 3 1 3 
heat treatment, 316 
quenching, 901 
sheet forming, 330 
sources, 307 

thermal residual stresses, 312 
welding, 323 

Residual stress measurement 
hole-drilling, 315 
ultrasonic, 315 
x-ray diffraction, 315 
Rewetting measurements, 990 
Rolling 

basic mechanics, 364 
cold rolling, 360 
dimensional accuracy, 354 
direct chill (DC) casting, 354 
flatness, 354 
friction, 365 
grain size, 356 
Hitchcock equation, 370 
hot rolling, 352 
Kohonen maps, 381 
Lark’s values, 367 
lubrication, 368, 373 
microstructure control, 356 
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[Rolling] 

microstructure and texture, 354, 363 
neural networks, 381 
particle-stimulated nucleation, 356 
Sim’s Q-function, 367 
Steckel-type hot mill, 352 
thickness and shape control, 374 
Zener— Holloman-Parameter, 359 

Schiel equation, 491 
Secondary recrystallization 
anomolous grain growth, 250 
second phase particles, 250 
surface induced, 254 
texture induced, 251 
Semisolid processing, 636 
Sessile dislocations, 95 
Sheet forming 
anisotropy, 851 
bending and flanging, 838 
computer simulation, 866 
Coulomb’s law, 848 
deep drawing, 840 
deformation zone, 849 
design, 841, 843 
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